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^ (54) Title: DUAL RESONANCE ENERGY TRANSFER NUCLEIC ACID PROBES 
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S (57) Abstract: Dual nucleic acid probes with resonance enei;gy transfer moieties are provided. In particular, fluorescent or lumi- 
^ nescent resonance eneigy transfer moieties are provided on hairpin stem-loop molecular beacon probes that hybridize sufiBciently 

near each other on a subject nudeic acid, e.g. mRNA, lo generate an observable interaction. The invenUon also provides lanihanide 
2 chelate luminescent resonance eneigy transfer moieties on linear and stem-loop probes that hybridize sufBciently near each other on 

a subject nacleic add to generate an observable interaction. The invention thereby provides detectable signals for rapid, specific and 
Q sensitive hybridization determination in vivo. 'Vhe probes are used in methods of detection of nucleic acid taiget hybridization for 

the identification and qnantificadon of tissue and cell-specific gene expression levels, including response to external stimuli, such as 
^ drug candidates, and genetic variations associated with disease, such as cancer. 
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DUAL Resonance £nergy Transfer Nucleic Acid Probes 

CROSS REFERENCE TO RELATED APPUCATIONS 
[0011 The presmt invoation claims the priority benefit of U.S. Provisional Patent 

Application Serial No, 60/300,672 filed June 25, 2001 and U.S. Provisional Patent 
Application Serial No. 60/303,258 filed My 3, 2001, the enthe contents of which are hereby 
incorporated by reference. 

FIELD OF THE INVENTION 
[002] This invention relates generally to the detection of target nucleic acids, such as 

mRNA More specifically, Ihe present invention relates to a dual molecular beacons 
approach that uses resonance enorgy transfer to significai^y reduce false-positive signal in 
detection of target nucleic acids associated with disease. 

BACKGROUND OF THE INVENTION 
[003] The ability to monitor and quantify the level of gene expression in living cells 

in real time can provide important information conceming the production, temporal and 
spatial processing, localization, and transport of specific mRNA in dififmnt conditions. This 
new type of information could potentially revolutionize biological studies and may also have 
applications in medical diagnostics and therapeutics. Technologies currentiy available for 
analy^s and quantification of gene expression such as real-time RT-PCR, Northern blotting, 
expressed sequence tag (EST), serial analysis of gme expression (SAGE) and DNA 
microazrays are poweiM tools for in vitro studies; however, they are not capable of 
quantifying gene expression in living cells. There is a clear need to develop molecular probes 
that can recognize target niRNA in living cells with hig^ specificity and instantaneously 
convert such recognition into a measurable signal with a high signal-to-background ratio. 
[004] Molecular beacons are a class of fluorescence-quenched nucleic acid probes 

that can be used in a quantitative fesWon; these probes fluoresce upon target recognition (i.e., 
hybridization) with potential signal enhancement of >200 under ideal conditions. 
Structurally, they are dual-labeled oligonucleotides with a reports fluorophore at one end 
and a da± quencher at the opposite end (Tyagi and Kramer; 1996). They are designed to 
have a target-specific probe sequence positioned centrally between two ^ort self- 
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complementary segments which, in the absence of target, anneal to foim a stem-loop hairpin 
structure that brings the fluorophore in close proximity with the quencher. In this 
configuration the molecular beacon is in the "dark" state (Bemacchi and Mely, 2001). The 
hairpin opens upon hybridization with a complem^tary target, physically separating the 
fluorophore and quencher. In this configuration the molecular beacon is in the *1bright" state. 
Transition between dark and brigiht states allows for differentiation between bound and 
unbound probes and transduces target recognition into a fluorescence signal (Matsuo, 1998; 
Liu etal.; 2002), 

[005] Linear fluorescent probes, as are used in fluorescence insitu hybridization 

(FISH) (Femino et aL, 1998), are "brighf * in both fbe bound and unbound state. To detect 
positive signal after hybridization, unbound probe must be removed by washing, which 
prevents the q>plication of this method to gene detection in living cells. In theory, molecular 
beacons do not require a washing step and so should be directly usable in living cells 
(Matsuo, 1998; Sokol et al., 1998). However, interaction between molecular beacons and 
certain intracellular factors can cause fluorescence in flie absence of target hybridization and 
lead to &lse-positive signals ^tchell, 2001). Using conventional molecular-beacon-based 
methods, the fluorescent signal that results &om target hybridization cannot be distmguished 
fibom any other event that spatially separates reporter Scorn quencher, such as probe 
degradation by intracellular nucleases or int^action with DNA binding proteins that unwind 
the haiipin strai structure (Li et al., 2000; Dirks et al., 2001; Molenaar, et al., 2001; Fang et 
al.,2000). 

[006] Two linear oligonucleotide probes labeled respectively with donor ^ and 

acceptor fluorophores have been used in FRET-based studies of DNA hybridization, DNA 
secondary structure and RNA synthesis (CarduUo et al., 1988; Morrison and Stols, 1993; 
Sixou et al., 1994; Sei-Eda et al., 2000; Tsuji et al. 2000; Tsuji et al. 2001), however, the 
sensitivity of intracellular gene detection using such probes suffers firom strong background 
signal due to unbound probes and cell autofluorescence. 

[007] The unique target recognition and signal transduction capabilities of molecular 

beacons have led to their appUcation in many biochemical and biological assays including 
quantitative PGR (Vogelstein and Kinzler, 1999; Chen and Mulchandani, 2000), protein- 
DNA interactions (Fang et al., 2000; Li et al., 2000), multiplex genetic analysis (Marras et al., 
1999; de Baar et al., 2001), and tiie detection of mRNA in living cells ^atsuo 1988; Sokol et 
aL, 1998; Molenaar 2001). However, felse-positive signals due to protein-beacon interaction 
and nuclease-induced beacon degradation significanfly limit the sensitivity of the in vivo 
qjplications (Mitchell, 2001). The thermodynamic and kinetic properties of molecular 
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beacons aie d^SRent on its structore and sequence in compRx ways OBonnet et aL 1999; 
Kuhn et al., 2002). Moreover, the signal-to-backgroimd ratio in target detection is dependent 
not only on design (length and sequence of tbe stem and probe) but also on the quality of 
oligonucleotide synthesis and purification (Goddard et aL, 2000; Bonnet et aL, 1998) and the 
assay conditions employed. 

[008] Therefore, th^e is a strong need in the art to provide improved compositions 

and methods for improved detection of nucleic acids that exhibit high specificity and 
sensitivity. Furthermore, there is a need for such conq)ositions and methods that can be used 
for detection of genetic transcription in vivo. Th&to is a need for such improved compositions 
and methods for observing changes in genetic expression levels in respraise to external 
stimuli, or for the detection of genetic abnormalities indicating a potential or actual disease 
state. 

SUMMARY OF THE INVENTION 
[009] The present invention provides compositions for the detection of a subject 

nucleic acid conaprising a first nucleic acid probe that hybridizes to a first nucleic acid target 
sequence on the subject nucleic acid, forms a stem-loop structure ^en not bound to the first 
laicleic acid target sequence, and incorporates a resonance jenergy transfer donor moiety. 
This embodiment of the invention further provides a second nucleic acid probe that 
hybridizes to a second nucleic add target sequmce on die subject nucleic acid, forms a stem- 
loop structure when not bound to the second nucleic acid targt^ sequence, and incorporates a 
resonance energy transfer acceptor moiety. The invention provides that the first nucleic add 
target sequence and the second nucldc add target sequence are separated by a number of 
nucleotides on the subject nucldc acid such that a resonance energy transfer signal fixnn 
interaction between the donor moiety of the first nucldc add probe and the acceptor moiety 
of tiie second nucldc add probe can be detected to detennine hybridization of both the first 
nucldc add probe and the second nucldc acid probe to die subject nucldc add. 
[010] Thaiefore, according to the preset invention, alternative corqpositions and 

methods are provided for the detecticm of subject nucldc add sequences of interest in a 
sample, hi particularly preferred embodimoits, fluorescent or luminescwt resonance energy 
transfer moieties are provided on hairpin stem-loop molecular beacon probes that hybridize 
sufiBcientiy near each othor on a subject nucldc acid, e.g. mRNA, to generate an obsa:vable 
interaction. The invention fliareby provides signal of energy transfer for rapid, specific and 
sensitive hybridization detection that can be advantageously used in vivo. The probes are 
useful in methods of detection of target nucleic add hybridization and Ihe identification of 
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genetic expression and the presence of genetic variations associated with disease, such as 
cancer. 

[Oil] Accordingly, it is an object of the present invention to provide improved 

compositions and methods of use for more sensitive, specific or rapid nucleic acid detectioa 
[012] It is a further object of the present invention to provide improved methods for 

the detection of gene expression associated with a response to external stimuli, e.g. a 
therapeutic drug candidate. 

[013] It is a further object of the present invention to provide improved methods for 

the detection of gene expression, including genetic expression associated with a disease state. 
[014] It is another object of the present invention to provide for the use of such 

conqpositions and method in vivo. 

[015] These and other objects, features and advantages of ibe present invention will 

become sqyparent after a review of the following detailed description of the disclosed 
embodiments and the appended claims. 

BRIEF DESCRIPTION OF THE FIGURES 
Figure 1 shows hybridization of the donor and acceptor molecular beacons to adjacent 
regions on the same mRNA target results in FRET. By detecting FRET, fluorescence signals 
due to probe/targ^ binding can be distinguished fcom that due to beacon degradation and 
non-specific interactions. In the figure, letters Q, D and A represent respectively qu^cher, 
donor dye and acceptor dye molecules. 

Figure 2 shows a schematic of the assay system with 4-base spacing betwen donor and 
acceptor molecular beacons when hybridized to the synthetic target. Jn this example both 
beacons have a probe length of 19 bases and a stem length of S bases. The underscores 
indicate the 38-base sequence of the target complementary to the beacons. Note that for each 
beacon one arm of the stem is part of the probe sequence so that the movement of the dye 
molecules is restricted after hybridization. 

Figure 3 shows typical emission spectra of dual FEIET molecular beacons. Three sigjial-to- 
background ratios are defined: S:BdMB represents the enhancement in fluorescence of a 
conventional molecular beacon in the presence of target. S:Bam indicates the increase in 
fluorescence resulting fi'om the sensitized emission of the acceptor. S:Ndeg is the ratio of the 
signal firom sensitized CTUSsion of the acceptor to the false-positive sigqal. 
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Figures 4a-4c 



signal-to-iu)ise lafios for dual FRET moli 



beacons wifh (4a) a Fam- 



Cy3 FRET pair, (4b) a Fam-ROX FRET pair and (4c) a Fam-Texas Red FRET pair. The 
error bars display ttie miniTmini and maximum ratios calculated for dual FRET molecular 
beacons sq>arated by 3, 4, 5, or 6 bases. 



Figure 5 shows emission spectra for dual FRET molecular beacons with a Fam-Texas Red 
FRET pair. The samples descaibed in the figure were excited at a wavelength of 475 nm. 

Figure 6 shows normalized peak ecoission of the accq)tor due to FRET for molecular beacon 
pairs with a Fam donor and a Cy3, ROX, or Texas Red acceptor. All the intensities were 
nonnalized relative to the peak intensity of the Fanir-labeled donor beacon bound to target. 

Figure 7 shows the effect of spacing between donor and acceptor beacons on the fluorescence 
emission of acceptor dye for dual FRET molecular beacons with a Fam donor and a Texas 
Red acceptor. Four different targets were tested, separating the donor and acceptor beacons 
by 3, 4,5, or 6 bases. 

Figures 8a and 8b show time resolved emission spectra obtained in a two-probe detectioa 
assay using Terbium chelate as a donor and (8a) Cy3 as an acceptor and (8b) ROX as m 
acceptor. All samples were excited at a wavelength of 325 nm. 

Figure 9 shows time resolved emission spectra generated by a two-probe detection assay 
utilizing a Europium-labeled oligonucleotide as a donor probe and a Cy5-labeled 
oligonucleotide as an acceptor probe. 

Figure 10a and 10b show one-photon (10a) and two-photon (10b) excitation spectra of 6-Fam 
labeled and Cy3 labeled oligonucleotides. 

Figures 11a and lib shows alternative molecular beacon designs. Figure 11a shows 
Conventional molecular beacons have st^ sequences that are independent of the target 
sequmce. Figure lib shows shared-stem molecular beacons are designed such that one ann 
of the stem participates in both hairpin formation and target hybridization. 
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Figures 12a and 12b show examples of the design constraint of shared-stem molecular 
beacons with certain stem/probe combinations. Figure 12a shows the design of a molecular 
beacon with a probe length of 19 bases and a stem length of 6 bases inadvertently resulted in 
additional bases participating in stem formation (circles). Figure 12a shows tiie design of a 
molecular beacon with a probe length of 18 bases and a stem length of 4 bases inadvertently 
resulted in an additional base participating in target hybridization (circle). 



Figure 13 shows a comparison of the milting temperature of shared-stem and conventional 
molecular beacons as detomined by the initial concentrations of probe and target By fitting 
the data with a straight line, changes in enthalpy (slope of Ifae fitted line) and entropy (y- 
intercept) characterizing the phase transition between bound-to-target and stem-loop 
confonnations of a molecular beacon were obtained* 



Figure 14 shows determination of the changes in enthalpy (slope of the fitted line) and 
entropy (y-intercept) characterizing the phase transition between bound-to-target iand stem- 
loop confonnations for conventional molecular beacons. Sinular trend was found for shared- 
stem molecular beacons. 

Figures 15a and 15b show determination of the changes in enthalpy (slope of the fitted line) 
and entropy (y-intercept) characterizing the phase transition between bound-to-target and 
stem-loop conformations for Figure 15a shared-stem and Figure 15b conventional molecular 
beacons interacting with wild-type and mutant targets. 

Figure 16 shows a comparison of melting temperatures as a fimction of stem lengtti for 
conventional and hared-stem molecular beacons in the presence of wild-type target 

Figures 17a and 17b show melting behavior of conventional and shared-stem molecular 
beacons with a 19-base probe and a 5-base stem. Figure 17a shows melting curves for 
conventional and shared-stem molecular beacons in the presence of wild-type (solid line) and 
mutant (dashed line) target Figure 17b shows the difference in the fraction of conventional 
or shared-stem molecular beacons bound to wild-type and mutant targets. 
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Figure 18 sho^ 



difG»:eace in the fiacticm of beacons ol 



to wild-type and mutant 



targets for shared-stem molecular beacons with stem lengths of 4, 5, and 6 bases. The same 
trend is true for convoitioxial molecular beacons* 



Figures 19a and 19b show a comparison between conventional and shared-stem molecular 
beacons on Figure 19a the on*-rate of hybridization with target and Figure 19b the dissociation 
constant without target (ue,, the transition between stem-loop hairpin and random-coiled 
beacons) for molecular beacons with a 19-base probe length and various stem l^gths. 



Examples included therein. Before the present compounds, compositions, and methods are 
disclosed and described, it is to be understood that this invention is not limited to any specific 
nucleic acid probes, specific nucleic add targets, specific cell types, specific conditions, or 
specific methods, etc, as such may, of course, vary, and the numerous modifications and 
variations therein will be apparent to those skilled in the art. It is also to be understood that 
the terminology used herein is for Ihe purpose of describing particular embodiments only and 
is not intended to be limiting. As used in the specification and in the claims, "a" or "an" can 
mean one or more, deprading upon the conteict in wbidti it is used. Thus, for exanople, 
reference to "a nucleic acid probe" can mean that one or more than one xmcleic acid probe can 
be utilized. 

[017] In accordance with the purpose(s) of flus invention, as embodied and broadly 

described herein, this invention, in one aspect, provides a conq>osition for the detection of a 
subject nucleic acid comprisuig, a first nucleic acid probe that hybridizes to a first nucleic 
add target sequence on the subject nucldc add, fonns a stem-loop structure ^en not bound 
to the first nucldc add target sequoice, and incorporates a resonance eneigy transfer donor 
moiety. This aibodimeot of Ihe invention fiirther provides a second nucldc add probe ttiat 
hybridizes to a second nucleic add target sequence on the subj ect nucldc add, forms a stem- 
loop structure when not bound to the second nucldc add target sequence, and incorporates a 
resonance energy transfd: accq>tor moiety. The invention provides that the first nucldc acid 
target sequence and the second nucldc add target sequence are separated by a number of 
nucleotides on the subject nucldc acid such that a resonance energy transfer signal fiom 
interaction between the donor moiety of the first nucleic add probe and the acceptor moiety 
of the second nucldc add probe can be d^;ected to determine hybridization of both the first 



DETAILED DESCRIPTION OF THE INVENTION 



[016] The present invention may be understood more readily by reference to the 

following detailed description of the preferred embodiments of the invaition and the 
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nucleic acid probe and the second nucleic acid probe to the subject nucleic acid. Preferably, 
the resonance energy transfer signal is a florescent or luminescent signal. 
[018] In an alternative embodiment, the invention provides a first nucleic acid probe 

that hybridizes to a first nucleic acid target sequence on the subject nucleic acid, and 
incorporates a luminescence resonance energy transfer lanthanide chelate donor moiety; and 
second nucleic acid probe that hybridizes to a second nucleic acid target sequence on the 
subject nucleic acid, and incorporates an organic resonance energy transfer acceptor moiety, 
wherein the first nucleic acid target sequence and the second nucleic add target sequence are 
separated by a number of nucleotides on the subject nucleic acid such that a luminescence 
resonance energy transfer signal fiom interaction betwe^ the lanthanide chelate donor 
moiety of the first nucleic acid probe and the acceptor moiety of the second nucleic acid 
probe can be detected to determine h]i>iidization of both the first nucleic acid probe and the 
second nucleic add probe to the subject nucleic add. In certain embodiments of this 
invention, the first nucidc acid probe or second nucleic acid probe is linear or randomly 
coiled when not hybridized to the first or second nucleic add target sequences, respectively. 
Jn ofhec embodiments of this invention, the first nucidc acid probe or second nucleic acid 
probe forms a stem-loop structure when not hybridized to the first or second nucleic acid 
target sequences, respectively. 

[019] In certain preferred embodiments of the invention, the first nucidc acid probe 

fiirther incorporates a qumcher moiety, such that an interaction between the donor moiety of 
the first nucidc add probe and the quencher moiety can be detected to differentiate between 
the first nucleic acid probe in fiie stem-loop structure and non-stem-loop stmcture. Similarly, 
in other embodiments, the second nucidc add probe further incorporates a quencher moiety, 
such that an interaction between the acceptor moiety of the second nucidc acid probe and the 
quencher moiety can be detected to differentiate betwem the second nucidc acid probe in the 
stem-loop structure and non-stem-loop stmcture. la mibodiments utilizing a quencher 
moiety on a nucidc acid probe, the invention provides that the quencher moiety can be 
selected jfom, for example, dabcyl quencher, black hole quench^ or Iowa Black quencher or 
other moieties well-known in the art to change the resonance energy transfer wavelength 
emission of an unquenched donor or acceptor moiety. 

[020] In certain other embodiments, the first nucleic acid probe further incorporates 

a resonance energy transfer moiety pair, such that a resonance energy transfer signal firom 
interaction between the donor moiety and the acceptor moiety on the first nucleic acid probe 
can be detected to differentiate between the first nucleic acid probe in the st^-loop structure 
and non-stem-loop structure. Similarly, other embodiments provide that the second nucleic 
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energy traxisfer signal fiom interaction between the donor moiety and the acceptor moiety on 
the second nucleic acid probe can be detected to di£ferentiate between the second nucleic add 
probe in the stem-loop structure and non-stem-loop structure. 



add target are separated by 1 to 20 nucleotides, or separated by 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
12, 13, 14, or 15 nucleotides. As discussed below, the preferred niunber of separating 
nucleotides will vary dspead&ng \spon the resonance en^gy transfer source used, and can be 
routinely determined by one of skill in the art in view of the present disclosure. 



fluorescence resonance energy transfer (FRET) or luminescence resonance energy transfer 
(LRET). In anbodiments wherein the resonance energy transfer signal is due to fluorescence 
resonance energy transfer, the donor moiety can be for example a 6-Fam fluorophore. In 
embodiments wherein the resonance energy transfer signal is due to fluorescence resonance 
energy transfer, the acceptor moires can be Cy-3, ROX or Texas Red. Additional exanoples 
of FRET donor and accq>tor moidies use&l in the present mvention are provided below. 
[023] Jn other embodiments, the resonance enorgy transfer signal is due to 

luminescence resonance energy transfer (LRET) and the donor moiety is a lanthanide chelate. 
In some preferred embodimisnts Mdiere the resonance enargy signal is due to LRET, the donor 
moiety can be Europium or Terinunt Furtheimore, in some embodiments wbem the 
resonance energy signal is due to LRET, the donor moiety can be a lanthanide chelate such as 
DTPA-cytosmo, DTPA-csl24, BCPDA. BHHCT, Isocyanato-EDTA, Quantum Dye, or 
W1024 and Hie accq>tor moiety can be Cy-3, ROX or Tracas^Red In some onbodiments, 
due to the range of effective resonance energy transfer of the lanthanide chelate, multiple 
acceptor moieties may be employed. The donor moiety can be a lanthanide chelate and the 
acceptor moiety can be a phycobiliprotean. In certain embodiments, the phycobiliprotdn is 
Red Fhycoaythiin (RPE), Blue Fhycoeryttain (BPE), or Allophycocyanin (APC). Additional 
exaniples of LREI donor and accq>tor moieties useful in the present invention are provided 
below. 

[024] In certain embodiments, the invention provides that tlie first or second nucleic 

acid probes each comprise from 5 to 50 nucleotides, 10 to 40 nucleotides, or 15, 16, 17, 18, 
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29 or 30 nucleotides. In othea: preferred embodiments, 
liie nucleic acid probes conqnise a l^-O-meOayl nucleotide bacldjone, among many 
alternative or synthetic nucleotides, desOTbed below. The invention further provides that one 
end of the first and/or the second nucleic acid probes participates in both stem-loop formatioii 
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Jn various embodiments, the first nucleic acid target and the second nucleic 



[022] 



In preferred embodimmts, die resonance energy signals are due to 
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and hybridization to the target nucleic acid. Such embodiments are referred to herein as a 
shared-stem molecular beacon, or probe, herein, and are described in more detail below, 
particularly in Example 2. 

[025] In additional embodiments, the invention provides methods for detecting a 

subject nucleic acid, comprising combining the composition described herein with a sample 
suspected of contaimng a subject nucleic acid, and detecting hybridization by differential 
resonance energy transfer signal to determine the presence or absence, and/or the expression 
level of the subject nucleic acid in the sample in vitro or in vivo. In some preferred 
embodiments, the methods can be performed in vivo; Therefore, in a prefeired embodiment 
of this method, the sample contains a living cell. The invention provides that the methods 
may be performed with samples comprising living tissues and cells that are taken out of the 
body, or that remain in situ. 

[026] The rdethods of the present invention further include detection of changes in 

the levels of expr^sion of a nucleic acid targ^ or in KNA transcript, such that alterations of 
gene expression can be monitored as a result of the dose-dependent cellular response to 
external stimuli, such as drug molecules, hormones, growth factors, temperature, shear flow, 
or microgravity, for exanq>le. The invention iiulher provides that the compositions can be 
used to visualize!, i.e., tbrou^ fluorescence or luminescence, the location and relative amount 
of gene expression in tissues and cells. 

[027] In diagnostic or prognostic detection methods the subject nucleic add can 

corbprise a genetic pomt mutation, deletion, or insertion relative to a naturally occurring or 
control nucleic acid. Such soreening methods can permit the detection of the subject nucleic 
add indicatmg the presence of a genetically associated disease, such as certain cancers, in the 
sample. There are many well-known examples of genetic mutations aheady in the art that are 
indicative of a disease state. The methods include the detection of nucleic acids comprising 
K-ras, survivm, p53,pl6, DPC4, or BRCA2. Furthermore, the methods can be used to detect 
the amount of a subject nucleic acid being produced by an organism for purposes otibier than 
diagnosis or prognosis of a disease or condition. Resonance energy transfer detections of the 
present invention can be performed with the assistance of single- or multiple-photon 
microscopy, time-resolved fluorescence microscopy or fluorescence endoscopy, as detailed 
below. 

[028] The invention further provides kits for the detection of a subject nucleic acid 

comprising the nucleic acid probe compositions described herein, necessary reagents and 
mstnictions for practicing the metiiods of detection. Such alternative compositions, methods 
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and kits therefo^l^desciibed in more detail by way of flie exalts, and still others will be 

parent to one of skill in tbe art in view of the present disclosure. 

[029] One embodiment of the present invmtion provides compositions and mdihods 

that measure a resonance energy transfer, for example, a fluorescent signal due to FRET or 
LRET as a result of direct interaction betwecai two molecular beacons whm hybridized to the 
same target nucleic add of interest. This method can dramatically reduce false-positive 
signals in gme detection and quantification in living cells. As shown in Figures 1 and 
altomtively in Figure 11, this approach utilizes a pair of molecular beacons, one with a 
donor fluorophore and a second with an acceptor fluorophore. Probe sequ^ces are chos^ 
such that the molecular beacons hybridize adjacent to eadi otfa^ on a single nucleic acid 
target in a way that positions their respective fluorophores m optimal configuration for FRET 
(Mergny et aL, 1994; Sixou et al. 1994). Emission fix>m the acceptor fluorophore serves as a 
positive signal in the FRET based detection assay. 

[0301 If acceptor and donor fluorophores are well matched, excitation of the donor 

can be achieved at a wavelength that has Uttle or no capacity to excite the acceptor, excitation 
of the acceptor will therefore only occur if both molecular beacons are hybridized to the same 
target nucleic add and FRET occurs. Molecular beacons that are degraded or open due to 
protdn interactions will result in the presence of unquenched fluorophore, however, ; 
fluorescence emitted firom these species is different in character from the signal obtained, 
firom donoz/acceptor FRET pair, making background and true positive signal more readily 
differentiated. Thus, by detecting FRET instead of direct single-molecule fluorescence, . 
nucldc add probe/target binding events can be distinguished j&om false-positives. 
[031] In contrast to prior labeling of two linear oligpnucleotide probes with donor 

and accqytor fluorophores, tiie stem-loop hairpin structure of molecular beacons offers 
further reduction in background fluorescence as well as enhanced specificity, which is he^ful 
particulady when detection of allelic variants or point mutations is desired (Bonnet et al., 
1999; Tsomkas et aL, 2002a). 

[032] Further boiefit Sxm another CTibodiment of the dual mergy transfer 

molecular beacons and mettiod of the present invention can be achieved by employing an 
oligonucleotide probe with a lanthanide chelate as the donor and a molecular beacon with a 
traditional organic fluorophore as the accq)tor (rq>orter) moiety« In contrast to organic 
fluorophores that have a fluorescence lifetime of '^lO ns, lantiiam'de chelates can have 
emission lifethnes greater ttian 1 ms (Sueda et al; 2000; Evangelista et al., 1988). The 
mechanism that is responsible fer the long lifetime onission of lanfiianide chelates is 
complex and involves energy transfer fix>m the triplet state of the aromatic Ugand. 
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Specifically, upon excitation the ligand is excited to its singlet state and then undergoes an 
intersystem transition to its triplet state, whereas the energy is either quenched by water 
molecules or transferred to the lanthanide ion. Fluorescence is then emitted firom the 
lanfhanide ion as it returns to the ground state (Lemmetyineni et al., 2000). Since such, 
fluorescence emission does not result from a singlet-to-singlet transition, the use of 
lanthanide chelates as a donor results in luminescent resonance energy transfer (LRET). 
Therefore, by using pulse excitation and time-gating techniques, it is possible to selectively 
record emission after the background fluorescence from organic dyes, scattering, and 
autofluorescence has decayed (Yuan et al, 1998; Lopez et al, 1993). The only signals 
remaining in this long-time domain are the enussion from the lanthanide chelate and from. 
accq)tor fluorophores that have participated in LRET. In tins case the narrow emission peaks 
of a lanthanide chelate render the background fluorescence close to zero at certain 
wavelengths, leading to extrmiely large signal-to-background ratio. The donor probe in a 
LRET pair can be a simple linear probe, i.e., neither quencher nor hairpin structure are 
necessary. 

[033] Furthermore, the invention provides a design variant for molecular beacons 

where one arm of flie stem participates, in both hairpin formation and targrt hybiidizatioia, 
refOTed to herein as "shared-stem" molecular beacons. In contrast, conventional molecular 
beacons are designed such that the loop sequence is complementary to the target while the 
stem sequences are self-complementary but unrelated to the target sequence. This ne>v 
design offers certain advantages over conv^tional molecular beacon design, especially in 
two-probe fluorescence resonance energy transfer (FRET) assays (CarduUo et al., 1998; Sei- 
lida et al., 2000; Tsuji et al., 2000; Tsuji et al., 2001; Tsourkas and Bao 2001). The invention 
provides the thermodynamic and kmetic properties of both shared-stem and conventional 
molecular beacons and makes a systematic comparison between them. In particular, the 
present description quantifies the changes in enthalpy and entropy upon the formation of 
probe/target duplexes as determined by the probe and stem lengths. Further provided herein 
is a study of the melting behavior, specificity, and hybridization on-rate depend on the stem 
length of molecular beacons, such that one of skill in the art may make and use a variety of 
embodiments to suit the specific purposes of each situation. 

[034J The nucleic add probes of the invention utilize the principle of resonance 

energy transfer between a donor moiety and an acceptor moiety. In a pref^ed embodiment, 
the resonance energy transfer is fluorescence resonance energy transfer (FRET), in which the 
first and second probes are labeled with donor and accq)tor moieties, respectively, ^erem 
the donor moiety is a fluorophore and the acceptor moiety may be a fluorophore, such that 
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le acceptor moiety when 



bofti probes are hybridized to the first and second target sequ^ces respectively on the same 
nucleic acid subject. In one embodiment of the present invention, the accq)tor moiety is a 
fluorophore fhaX releases the oiergy absorbed fiom the donor at a different wavelength; the 

i 

emissions of the accqitor may then be measured to assess the progress of the hybridization 
reaction. 

[035] In a pr^srred embodiment, the probe is a hairpin stem-loop structure (often 

referred to in the art as a molecular beacon) that contains dther a donor or acceptor moiety 
and optionally a quencher moiety, such that the quencher moiety reduces the fluorescence of 
the donor or acceptor when flie probe is ia the stem-loop structure (i.e., not hybridized). 
When the probe is hybridized to the target nucleic acid in this anbodimcnt, its conformation 
changes, eliminating the quenching effect, and the resulting fluorescence of the donor or 
accq)tor moiety may be detected. 

[036] In an alternative embodiment, the present invention provides a nucleic add 

probe that forms a hairpin stem-loop structure in wiAch resonance energy transfer will 
decrease when the probe is hybridized with the target nucleic acid. In such an embodiment, 
the qumdier moiety on the first probe is replaced with a reciprocating moiety to form a 
resonance energy transfa moiety pair, and the differential in resonance energy transfer is 
detectable between Ifae hairpin stem-loop structure and a non-stem-loop structure. 
Altanatively, the quencher moiety on the second probe is replaced with a recqxrocating 
moiety to form a resonance energy transfer moiety pair, and the differential m resonance 
energy transfer is detectable between the hairpin stem-loop structure and a non-stem-loop 
structure. In sudi onbodiments of the present invention, a third resonance energy transf^ 
moiety pair forms by the dual probes, a dimor moiety on the first probe, and an accqptor 
moiety on the second probe, such that tibe resonance energy transfer signal due to the 
interaction of donor and acceptor maybe measured to assess the progress of the hybridization 
reaction of both probes on the subject nucleic acid. 

[037] In anoflier onbodiment, the present iavention provides that one of the nucldc 

acid probes is linear (non-ston-loop) and the probes are separately labeled wifli lanlhanide 
dielator donor and organic accq>tor moieties, such tibat resonance energy tcansfo will occur 
whCTi the nucleic add probes are hybridized. Li yet another embodiment, the invention uses a 
pair of such linear primers, one labeled wifli a lanthanide donor and another with an organic 
acceptor moiety, respectively. 

[038] One aspect of the invention pertains to nucldc adds sufGcimt for use as 

hybridization probes for the idmtification of a target nucldc add (e.g., DNA or mRNA). As 
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used herein, the tenn "nucleic acid" is intended to include DNA molecules (e.g., cDNA or 
genomic DNA) and RNA molecules (e.g., mRNA) and analogs of the DNA or RNA. 
generated .using nucleotide analogs. As referred to herein, nucleic acids that are 
"complementary" can be perfectly or imperfectly complementary, as long as the desired 
property resulting from the complementarity is not lost, e.g., ability to hybridize. 
[039] The nucleic acids of the present invention may be substantially isolated or 

altanatively unpuiified. An "isolated" or *^urified" nucleic acid is one that is substantially 
separated from other nucleic acid molecules that are present in the natural source of the 
nucleic acid. Preferably, an "isolated" nucleic acid is substantially free of sequences that 
naturally flank the nucleic acid (i.e., sequences located at the 5' and 3' ends of the nucleic 
acid) in the genomic DNA of llie organism from which the nucleic add is derived. 
Moreover, an "isolated" nucleic acid molecule can be substantially free of other cellular 
material, or culture medium when produced by recombinant techniques, or chemical 
precursors or other chemicals when chemically synthesized, (see, Sambrook et al. 1989, 
Molecular Cloning: A Laboratory Manual. 2nd, ed., Cold Spring Harbor Laboratory, Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, NY). 

[040] The probe typically comprises substantially purified nucleic acid. The nucleic 

acid probe typically comprises a region of nucleotide sequence that hybridizes to at least 
about 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 2fr, 27, 28, 29, 
30, 35, 40, 45 or 50 consecutive nucleotides of a target nucleic acid. The target nucleic acid 
can be a sense strand of one of the target nucleic acid sequences, an anti-sense sequence, or 
naturally occurring mutants thereof Preferably, the nucleic acid target is an mKNA. 
[041] Probes based on the nucleotide sequences can be used to detect or ampUfy 

transcripts or genomic sequences encoding the same or homologous proteins. In other 
embodiments, the probe ftirther comprises a label gjcovp attached thereto, e.g., the label group 
can be a radioisotope, an enzyme, or an enzyme co-factor. Such probes can be used as a part 
of a genomic marker test kit for identifymg cells which express a particular protein, such as 
by measuring a level of the protein-encoding nucleic acid in a sample of cells, e.g., detecting 
the target nucleic acid mRNA levels or determining whether the gene encoding the mRNA 
has been mutated or deleted 

[042] In an additional preferred embodiment, an isolated nucleic acid molecule of 

the invention comprises a nucleic acid probe sequence that hybridizes, e.g., hybridizes under 
stringent conditions, to a target nucleotide sequence of interest These hybridization 
conditions include washing with a solution having a salt concentration of about 0.02 molar at 
pH 7 at about 60^C. As used herein, the term *Tiybridizes under stringent conditions" is 
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intmded to 



>e ccmditLons for hybridization and 



under which nucleotide 



sequences at least 60% homologous to each other typically r»iain hybridized to each other. 
Preferably, tfie conditions are such that sequences at least about 65%, more preferably at least 
about 70%, and even more preferably at least about 75% or more homologous to each oth^ 
typically remain hybridized to each other. Such stringent conditions are known to those 
skilled in the art and can be found in Current Protocob in Molecular Biology ^ John Wiley & 
Sons, N.Y. (1989) 63.1-6.3.6. A preferred, non-limiting example of stringent hybridizatioxi 
conditions are hybridization in 6X sodium chloride/sodium citrate (SSQ at about 45^C3, 
followed by one or more washes in 0.2 X SSC, 0.1% SDS at 50-65''C. As used herem, a 
"naturally-occurring" nucleic acid molecule refers to an KNA or DNA molecule having a 
nucleotide sequmce that occurs in nature (e.g., encodes a natural protein). 
[043] The nucleic acid probes of the invention can be DNA or RNA or chimeric 

mixtures or derivatives or modified versions thereof so long as it is still cq>abl6 of 
hybridizing to the desired target nucleic acid. In addition to being labeled with a resonance 
energy transfer moiety, the nucleic acid sequence can be modified at the base moiety, sugar 
moiety, or phosphate backbone, and may include other spending groups or labels, so long as 
it is still capable of priming the desired amplification reaction, or functioning as a blocking 
oligonucleotide, as the case may be. 

[044] For example, a nucleic acid probe of the present invotion can be chemically 

synthesized using naturally occurring nucleotides or variously modified nucleotides designed 
to increase the biological stability of the molecules or to inorease the physical stability of the 
duplex formed between the conqilimjentaxy nucleic adds, ag., phosphorothioate derivatives 
and acridine substituted nucleotides can be used. A preferred exan:q>le of a class of modified 
nucleotides whidi can be used to generate the nucleic add probes is a 2'-0-methyl 
nucleotide. Additional exanq)les of modified nucleotides ^^ch can be used to generate the 
nucldc add probes include for example S-fluorouracil, 5-bromouradl, 5-chlorouradl, S- 
iodouradl, hypoxanthine, xanthine, 4-acetylcytosine, S-(caiboxyhydn)xyhn6thyi) uracil, 5- 
caiboxymetiiylariiinQmethyl-2-thioiiridine, 5-caiboxymethylaminameChyluracil, 
dihydrouracil, beta-D-galactosylqueosine, inosine, N6-isopentenyladenine, l-meth)4guanine, 
1-mefhyhnosine, 2^-dimettiylguanine, 2-methyladenine, 2-m^ylguanine, 3-metiiylcytosine, 
5-methylcytosine, N6-adenine, T-methylguanine, 5-meth>daminomethyluracil, 5- 
methoxyaminometiiyl-2-thiouracil, beta-D-mannosylqueosine, 5- 

metiioxycazboxymethyluracil, 5-methoxyuracil, 2-methyltiiio-N6-isopentenyladenine, uracil- 
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[045] 




methyl-2-tiiioiiracil, 2-thiouracil, 4-thiouracil, 5-methyluracil, uracil-5-oxyacetic acid 
methylester, uracil-5-oxyacetic acid (v), 5-nie11iyl-2-thiouracil, 3-(3-ainino-3-N-2- 
carboxypropyl) uracil, (acp3)w, and 2,6-diaminopurine. 



comprises at least one modified sugar moiety selected from the group including but not 
limited to arabinose, 2-fluoroarabittose, xylulose, and hexose. In yet another embodiment, 
the nucleic acid probe of the present invention comprises at least one modified phosphate 
backbone selected from the group consisting of a phosphorothioate, a phosphoiodithioate, a 
phosphoramidothioate, a phosphoramidate, a phosphordiamidate, a methylphosphonate, an 
alkyl phosphotriester, and a formacetal or analog thereof. As stated above, a preferred 
example of a modified nucleotide which can be used to generate Ifae nucleic acid probes is a 
2**0-methyI nucleotide. 

[047] Nucleic acid probes of the invention may be synthesized by standard methods 

known in the art, e.g. by use of an automated DNA synthesizer (such as are commercially 
available from Biosearch, Applied Biosystems, etc.). As examples, phosphorothioate 
oligonucleotides may be syntiiesized by the method of Stein et al. (1988, NucL Acids Res« 
16:3209), methylphosphonate oligonucleotides can be prepared by use of controlled pore 
glass polymer supports (Sarin et al., 1988, Proc. Natl. Acad. Sci. U.S A. 85:7448-7451), etc. 
[048] Once the desired oligonucleotide is synthesized, it is cleaved from the solid 

siq>port on which it was synthesized and treated, by methods known in the art, to remove any 
protecting gjcovps present. The oligonucleotide may then be purified by any method known in 
the art, including extraction and gel purification. Hie concentration and purity of the 
oligonucleotide may be detennined by examining oUgonucleotide fiiat has been sq)arated oa 
an acrylamide gel, or by measuring the optical density at 260 nm in a ^ectrophotometer. 
[049] Nucleic acid probes of the invention may be labeled with donor and acceptor 

moieties during chemical synthesis or the label may be attached after synthesis by methods 
known in the art In a specific embodiment, the following donor and acceptor pairs are used: 
a liiminescent lantfaanide chelate, e.g., terbium chelate or lanthanide chelate, is used as the 
donor, and an organic dye such as fluorescein, rhodamine or CY-5, is used as the acceptor. 
Preferably, terbimn is used as a donor and fluorescein or rhodamine as an acceptor, or 
europium is used as a donor and CY-5 as an acceptor. In another specific embodiment, the 
donor is fluorescent, e.g. fluorescein, rhodamine or CY-5, and the acceptor is luminesc^xt, 
e.g. a lanthanide chelate. In yet another embodiment, the energy donor is luminescent, e.g., a 
lanthanide chelate, and flie energy acceptor may be non-fluorescent 
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In another embodiment, the nucleic acid probe of the present inventioa 
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specific ^bodiment, both donor and acceptor moieties are ftuorophores. Suitable moieties 
that can be selected as donor or accqptors in FRET pairs are set below: 



acridine 

acridine isothiocyanate 

5-(2 -aminoe&yi)aminonaph11ialme-l-sulfomc acid (EDANS) 
4-amino-N-[3-vinylsulfonyl)phenyl]n£5)hthaliimde-3,5dis^^ 
N-(4-anilino-l-naphthyl)maleiniide 
Anthranilamide 
Brilliant Yellow 
coumarin and derivatives: 
coumarin 

7-aiaino-4-methylcoumarin (AMC, Coumarin 120) 
7-anmo-4*trifluoromethylcoumarin(Couniarin 151) 
cyanosine 

4 -6-diaminidino-2-phenyliadolc (DAPQ 
S^S"-dibroniopyrogaIlol-sulfonq)hfliale]n (Bromopyrogallol Red) 
7-dietb)daniino-3-(4-isotUocyanatophen^)-4-me11iylcomnarm 
diethyienetriamine pmtaacetate 

4- (4'-diisothiocyanatodihydro-stilbme-2,2'-disulfoni^ acid 
4,4*-diiso11uocyanatostilbene-2^'-disulfomc add 

5- [dimethylanuno]n^hthalene-l-siilfbnyi chloride (DNS, dansyl chloride) 
4-(4'-H]imethylaminophenylazo)benzaic acid (DABCYL) 
4-dimediylanunophmylazophenyl-4'-isothiocyanate (DABITQ 

eosin and derivatives: 
eosin 

eosin isoHiiocyanate 
ervthrosin and derivatives: 
crydirosinB 

erythrosin isothiocyanate 
ediidium 



4-aoetamido-4'-isothiocvanatostilbene»2,2'disulfcmc acid flcridme mH derivatives: 
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fluorescein and derivatives: 

5-caiboxyfluorescein (FAM) 

5- (4,6-KUcUorotriazm-2-yl)aminofluorescein (DTAF) 
27'-dimethoxy-4*5'^dicliloro-6'K;arboxyfluorescem(JOE) 
fluorescein 

fluorescein isotfaiocyanate 

QFITC(XRITC) 

fhiorescamine 

IR144 

IR1446 

Malachite, Green isothiocyanate 
4-metiiylumbelliferon6 
ortho cresolphthalein 
mtrotyrosine 
paiaiosaniline 
Phenol Red 
B-phycoeryfhrin 
o-phthaldialdehyde 
pvrene and derivatiyes: 
pyrene 

pyrenebutyrate 
succinimidyl l-pyrenebutyrate 
Reactive Red 4 (Cibaax)n ® Brilliant Red 3B-A) 
rhodamine and derivatives: 

6- caiboxy-X-ifaodamine (ROX) 
6-carboxyrhodamine (R6G) 
lissamine rhodansine B sulfonyl chloride 
rhodamine (Rhod) 

rhodamine B 
rhodamine 123 
rhodamine X isothiocyanate 
sulforhodamine B 
sulforhodamine 101 

sulfonyl chloride derivative of sulforhodamine 101 (Texas Red) 
N,N^,N'-tetramethyl-6-carboxyrhodairdne (TAMRA) 
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t«trgmec^TOiQdamme 

tetrameth^ diodamine isottuocyaiiate (TRITC) 
riboflavin 



rosolic acid 



terbitun chelate dmvatives 



[0511 



One of oidinary skill in the art can easily ddiermine, using art-known 



techniques of spectrophotometry, which fluorophores will make suitable donor-accq)tor 
FRET pairs. For example, FAM (which has an emission maximum of 525 nm) is a suitable 
donor for TAMRA, ROX, and R6G (all of which have an excitation maximum of 5 14 nm) in 
a FRET pair. Probes are preferably modified during synthesis, such that a modified T-base is 
introduced into a designated position by the use of Amino-Modifi©r C6 dT (Glen Research), 
and a primary amino group is incorporated on the modified T-base, as described by Ju et al. 
(1995, Proc, Natl. Acad. Sd. USA 92:4347-4351), These modifications may be used for 
subsequent incorporation of fluorescent dyes into designated positions of the nucleic acid 
probes of the present invention. 

[052] The optimal distance between the donor and acceptor moieties will be that 

distance wherein the emissions of the donor moiety are maximally absoibed by the acceptor 
moiety. This optimal distance varies witii the specific moieties used, and may be easily 
determined by one of ordinary skill in the art using well-known techniques. For energy 
transfer in which it is desured that the acceptor moiety be a fluorophore that emits ^ergy to 
be detected, the donor and acceptor fluorophores are preferably separated when hybridized to 
target nucleic acid by a distance of up to 30 nucleotides, more preferably Sxm 1-20 
nucleotides, and still more pre£arably firom 2 to 10 nucleotides and more preferably separated 
by 3, 4, 5, 6, 7, 8 and 9 nucleotides. For energy transfer wherdn it is desired that the acceptor 
moiety quendbi the emissions of &e donor, the donor and accq>tor moieties are preferably 
separated by a distance of less ttian 10, 9, 8, 7, 6, 5, 4, 3, 2, or 1 nucleotide (e.g., on the 
opposite strand, complCTientary nucleotides of a daplex. strocture), although a 5 nucleotide 
distance (one helical tum) is also advantageous for use. 

[053] In yet another embodiment, the nucleic acid probes of the invention may be 

further labeled with any other art-known detectable marker, including radioactive labels such 
as P, S, ^ H, and the like, or witii enzymatic markers that produce detectable signals 
when a particular chemical reaction is conducted, such as alkaline phosphatase or horseradish 
peroxidase. iSucfa enzymatic markers are preferably heat stable, so as to survive the 
denaturing steps of the amplification process. Nucldc acid probes may also be indirectiy 
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labeled by incorporating a nucleotide linked covalently to a hapten or to a molecule such as 
biotin, to which a labeled avidin molecule may be bound, or digoxygenin, to which a labeled 
aati-digoxygenin antibody may be bound. Nucleic acid probes may be supplementally 
labeled during chemical synthesis or the supplemental label may be attached after synthesis 
by methods known in the art. 

10541 The nucleic acid probes of the invention have use in nucleic acid detection, or 

amplification reactions as primers, or in the case of triamplification, blocking 
oligonucleotides, to detect or measure a nucleic acid product of the amplification, thereby 
detecting or measuring a target nucleic acid in a sample that is complementary to a 3' primer 
sequence. Accordingly, the nucleic acid probes of the invention can be used in methods of 
diagnosis, wherein a sequence is complementary to a sequence (e.g., genomic) of an 
infectious disease agent, e.g. of human disease including but not limited to viruses, bacteria, 
parasites, and iimgi, thereby diagnosing the presence of the infectious agent in a san[q)l6 of 
nucleic acid from a patient The target nucleic acid can be genomic or cDNA or xnRNA or 
synthetic, human or animal, or of a nucioorganism, etc. 

[055] In one embodiment the mventor provides a useful screening tool for drug 

discovery i^ere a rapid specific and sensitive assay can detect in vivo changes in the 
expansion role of protein transcripts of intetest, either at a steady state'or in response to the 
administration of drug candidates, hi another embodiment that can be used in the diagnosis or 
prognosis of a disease or disorder, the target sequence is a naturally occurting or wild type 
human genomic or KNA or cDNA sequence, mutation of which is implicated in the presence 
of a human disease or disorder, or alternatively, the target sequence can be the mutated 
sequence. In such an embodiment, optionally, tiie amplification reaction can be repeated for 
the same sample with different sets of probes that amplify, respectively, the naturally 
occtnring sequence or the mutated. version. By way of example, the mutation can be an 
insertion, substitution, and/or deletion of one or more nucleotides, or a translocation* 

EXAMPLES 

Example 1 

Dual Nucleic Acid Probes 

[0561 Oligonucleotide Synthesis. Ohgonucleotide probes and targets were 

synthesized using standard phosphoramidite chemistry on an AppUed Biosystems model 394 
automated DNA synthesizer (Foster City, CA). Molecular beacons were purified using dual 
reverse phase (RP) plus ion-exchange (IB) hi^ performance liquid chromatogr^hy (HPLC) 
on a Waters Model 600E HPLC system (Millipore Corp., Milford, MA). For RP-HPLC 
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purification, oligomHSotides were loaded on a Hamilton PRP-l^ronm and etated with a 
linear 5% to 50% acetonitrile gradient in 0.1 M triethyl-ammonium acetate (TEAA) pH 7.2 
over 40 minirtes. The oligonucleotides were additionally purified by IB-HPLC using a 
Source™ colunm (Amorsham Pharmacia Biotedi, Piscataway, NJ) and eluted with a linear 

i 

0% to 50% 1 M liCl gradient in 0.1 M Tiis pH 8.0 over 40 minutes. Unmodified (target) 
oligonucleotides were purified using polyacrylamide gel electrophoresis. All 
oligonucleotides were synthesized at Integrated DNA Technologies, Inc, (Coralville, lA). 
[057] Probe and Target Design. All oligonucleotide probes were designed to be 

complementary in antisense orientation to the human GAPDH gene, as illustrated in Figure 2. 
Specifically, a dabcyl quencher was attached to the 5 '-end and a 6-Fam fluorophore was 
attached to the 3*-end of donor molecular beacons; a dabcyl quencher was attached to the 3*- 
end and eithar a Cyanine 3 (Cy3), 6-caiboxyrhodamine (ROX), or T^as Red fluorophore 
was attached to the 5 '-end of acceptor molecular beacons. The stem sequence was designed 
to participate in both hairpin formation and target hybridization (Tsourkas et al., 2002b). 
This beacon design was chosen to help fix the relative distance between the donor and 
acc^tor fluorophores and improve energy transfer efficiency. Both the donor and acceptor 
beacons were designed with a probe length of 18 bases and a stem length of 5 bases. The 
probe lengfli is defined as the portion of the molecular beacon fliat is complementary to the 
target The synthetic wild-type GAPDH target has 4-base g^ between tfie donor dye and tiie 
acceptor dye. Gap spacing was adjusted to 3, 5, and 6 bases by eiflier removing a guanme 
residue or adding 1 or 2 thymine residues^ as shown in Table 1. 
Table L Design of Probes and Target Oligonucleotides 



Name 


Scqaea€e(5'-30 


^ Note 


Bundonor^iB^ 


SEQlDN0:t 


Probe 18 /Stems 


Tb donor probe 


TGATGGCATOGACTXrrGaDTPA-Ml24-CIT)) 
SBQIDN0.2 


Probe 18/ Stem 0 


Qy3 acccptorMB 


Cy3- GAGTCCTTCCACGATACCgactc ^>Bbcyl 
SBQIDNO-3 


Probe 18 /Stem 5 


ROX acceptor-MB 


ROX- GWiGTCCTTCCAOQATACCgiKA:-rw^ 
SEQIDN0:4 


Pnibe 18 /Stems 


Texas Red 


Texas Red- GAGTCCTTCCACQATACCgsctc - Abcyl 


Probe 18 /Stems 


aoceptarMB 


SEQIDNOiS 






ArTTTOOTATnCmaaAAGGACTCATACCA^ 
SBQIDNO:6 


3be8egq> 




AfrirrnOTATOOTCKlAAGQACTC^ 

SBQIDNO:7 


4bs8e8Rp 


TarBBtiH-1 


ArrrTnGTATDGTtKlAAGGACTCATrQACCAC^ 
SBQIDNOtS 


Sbssegsp 




SBQ]DNO:9 


6lMsegqi 
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(1) MB *^!folecular Beacon. Lower case = bases added to create sten^raiains* XJppex case « probe^aiget hybridizing 
domains. Upper case bold« bases participating in both stem formation and target bindmg 

(2) Underscore » 1 8 base sequence con^lementary to MB taiget bhiding domains, n 4 bases tiie wild-type gap size 



[058] Lanfhaiiide Chelate Synthesis. A linear oligonucleotide with a probe length 

of 18 bases was labeled at its 3'-end with a diethylraetriaminepentaacetic acid (DTPA) 
chelate covalently joined to a sensitizer, csl24 (Cooper and Sammes, 2000). As 
demonstrated in Table 1, the sequmce of this linear probe was id^tical to the probe domain 
of the donor molecular beacons specific for exon 7 of tibie hmnan GAPDH gene. 
[059] The lanthanide chelate was prepared by first dissolving DTPA (SOO m& 1.4 

Hmole) in 30 mL of DMF and 1 mL of triefhylamine. Csl24 (240 mg, 1.4 pmole), dissolved 
in 4 mL of DMF, was then added dropwise and mixed for 30 minutes. To this mixture, 5 mL 
(75 iimole) of ethylenediamine (EDA) was added and stirred at room temperature for two 
hours. The mixture was then stored in the refiigerator ovemigjit A slightly oflf-white 
precipitate had formed and was centrifuged down further. The DMF supernatant was 
removed and the pellet was washed with isopropanol several times and then with ether 
resulting in a fine white powder, which was dried under a vacuum for 2 hours. The powder 
was resuspended in water and RP-HPLC purified using a Hamilton PRP-1 column. The 
sample was eluted with a linear 0% to 30% acetonitrile gradient in 0.1 M TEAA pH 7.2 over 
20 minutes at a flow rate of 10 mUmin. The first peak was collected, and the DTPA-csl24 
product was dried and reconstituted to a concentration of 15 mM in 0.1 M Borate Buffer, pH 
8.5. 

[060] Disuccinimidyl suberate (1.84 mg, 5 nmoles; Pierce Chemical) was dissolved 

in 100 fiL of DMSO and added to 0.1 junoles of oUgonucleotides with a 3*-'amine, dissolved 
in lOOuLofDMSO. The mixture was mcubated at 40''C for 2 hours. The oligonucleotides 
wm then acetone precipitated and reconstituted in 100 ^1 of 0.1 M sodium borate pH 8.5. 50 
uL of 15 mM DTPA-CS124-EDA product in borate buffer was added to the oligonucleotide 
solution and mixed ovemigiht 01igonucleotide-DTPA-csl24-EDA conjugates were purified 
using reveised-phase (RP) HPLC. The ohgomicleotides were loaded on a PRP-1 cohmm and 
eluted vrith a linear 5% to 50% acetonitrile gradient m 0. 1 M TEAA pH 7.2 over 40 minutes. 
The collected peak was lyophilized and reconstituted m dHzO at 5 pM. TbCls (Terbium) 
dissolved in PBS was then added to fbe sample at a 10:1 molar ratio and mcubated at room 
temperature for 30 minutes. The Europium chelates were synthesized following the same 
protocol. 
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[061] ^mdization and Detection Assays. SyMlfzation experimmts were 

conducted witli SO pmoles of donor beacon^ SO pmoles of accq)tor beacon and SO pmoles of 
complementary target in a total volume of 100 \xL (0.5 ]iM). All e^^iments were 
c<Miducted at 37*^0 in HB buffer containing 10 mM KCl, 5 mM Mga2, and 10 mM Tris-HCl, 

i 

pH 7.5, which was supplemented with 1% Bovine Albumin Serum to block non-specific 
intCTactions with the microplate. The samples were mixed and allowed to equilibrate at 3TC 
for 20 minutes before performing fluorometry. A Safire microplate fluorometer (Tecan, 
Zurich, Switz^land) was used to excite the donor beacons and detect resulting emission (500 
nm to 650 nm) in EEIET measurements. The excitation wavelength was varied fiom 395 mn 
to 495 nm to detennine the wavelength tiiat resulted in the maximal FRBT between the donor 
and acceptor molecules. In a two-photon experimental set-iq), the excitation spectra of Fam- 
and Cy3-labeled linear oUgonucleotides were obtained. A tunable laser was adjusted to 
excite the samples at wavelengths ranging from 700 mn to 875 nuL The fluoresceuce 
emission between 505 mn and 555 nm was detected fiom the Fam sanq)le and the emission 
between 590 and 650 nm was detected fix>m the Cy3 sample usfaig ultra-s»sitive» low noise 
avalanche photodiodes. 

[062] For LRET measurements, the Terbium and Europium donor probes were 

excited at a wavdengdi of 325 nm, and the emission was recorded from 500 nm to 650 mn 
for assays with Terbium donors, and fiiom 550 mn to 750 nm for assays involving Europium 
donors. The emission detection had a lag time of 50 |iswi1fa an integration tm The 
maTrimal excitation and emission wavelengths of the organic and lanthanide dyes used in this 
study are summarized in Table 2. 

Table 2. Maximal Excitation and Emission Wavelengths of Organic and Lantfianide 
Dyes 



Dye 
Molecule 


Excitation 
(nm) 


Emission 
(nm) 


Extinction Coe£Bdent 
Q>/r^ cm'*) 


Note 


6-Fam 


494 


518 


83,000 


Donor 


Teibiirai Chelate 


300-340 


546 


10,000-35,000 


Donor 


Europium Chelate 


300-340 


620 


10,000-35,000 


Donor 


Cy3 


552 


570 


150,000 


Accq)tor 


Rox 


585 


605 


82,000 


Acceptor 


Taxes Red 


583 


603 


116,000 


Acccptai 
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[063] FRET of Organic Dye Pairs. A series of solution-phase assays were 

conducted to determine whether the signal generated by a pair of molecular beacons 
hybridized to the same target oligonucleotide can be differentiated from the signal due to 
false-positive events. For organic dye pairs, the same donor beacon (i.e., a molecular beacon 
with a fluorescent donor dye) was tested with three acceptor (reporter) beacons for the 
magnitudes of background signal and positive (FRET) signal. Here, *T)ackground" is defined 
as fluorescence detected from one or both beacons in the absence of target or fix>m either 
beacon alone in the presence of target. Thus background represents any fluorescence 
emission detected in the absence of a FRET event due to the simultaneous hybridization of 
the donor and acceptor beacons to the same target If fluorescence excitation is limited to 
wavelengths optimal for the donor fluorophore and signal detection is limited to 
wavelengths optimal for the accjsptor (reporter) fluorophore, fluorescent signal should be 
low unless both beacons hybridize to the same target and FRET occurs. However, since 
fluorescence from organic fluorophores occurs over a broad range of wavelengths, it is 
possible for fluorescence emission from the donor at and from the acceptor due to direct 
excitation at Xe to contribute to background. ^Tositive signal" is defined as FRET-induced 
fluorescence detected when both beacons are bound to the same target, again restricting 
excitation to wavelengflis and limiting detection to wavelengths Xj. 
[064] As illustrated in Table 1, the donor molecular beacon was labeled with 6-Fam 

on the 3'-end, and the acceptor molecular beacons were labeled with Cy3, ROX, or Texas 
Red on the 5 '-end. Sequences of donor and acceptor molecular beacons were chosen to be 
complementary to adjacent sites within exon 6 and exon 7 of the human GAPDH gene and 
were positioned with a four base separation between donor and acceptor fluorophores when 
wild-type target was used. Four types of assays were performed with each donoi/acceptor 
beacon pair: (1) both donor and acceptor beacons' in the absence of target, with a typical 
emission spectrum (i.e., fluorescence intensity as a function of wavelength) shown as curve a 
in Figure 3 (spectrum a); (2) donor beacon only in the presence of target, with a typical 
emission spectrum shown as curve b in Figure 3 (spectrum b); (3) accqitor beacon only in the 
presence of target, with a typical emission spectrum shown as curve c in Figure 3 (spectrum 
c); and (4) both donor and acceptor beacons in the presence of target, with a typical emission 
spectrum shown as curve d in Figure 3 (spectrum d). Assays (2) and (3) simulate flie limiting 
false positive sc^iario where most of the molecular beacons open as a result of nuclease 
degradation, denaturation, or non-specific protein interactions (which hereafter will 
collectively be refeired to as 'degraded' beacons). 
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[065] 



T^nusttate the advantages of using duel 



Lolecular beacons and to 



compare the peifoxmance of different acceptor molecular beacons, several signal-to- 
background ratios were calculated. As illustrated in Figure 3, the first is S:Bst/tB, the ratio of 
Ihe peak fluorescence intensity of emission spectrum b defined above for donor molecular 
beacons (dMB) to that of emission spectrum a at Ihe same wavelength. Although spectrum q 



is largely due to the donor beacons, for the emission of the acceptor beacons at the 
coiresponding wavelength is ahnost zero, as can be seen from curve c in Figure 3. Thus^ 
iS':^dMB represents the signal-to-background ratio of the conventional single molecular beacon 
assay. The second is iS.'^aMB, the ratio of the peak fluorescrace intensity of emission 
spectrum d of tibie acceptor molecular beacon (aMB) due to FRET to that of raiission 
spectrum a at the same wavelength. Clearly, iS.-^aMB represents the signal-to-background 
ratio of the dual FRET molecular beacons assay without degraded beacons. The third one, 
S:Bdf^ is defined as the ratio of the peak fluorescence intensity of emission spectrum d due to 
FRET to that of emission spectrum & or c at the same wavelength, whicheva: is higher. 
S:B^ represents the signal-to-background*ratio of the dual FRET molecular beacons assay 
for the litnititig case that most of the donor and acceptor beacons are being degraded. Here 
we assume that, with up to 1x10^ molecular beacons per cell, the probability of having both 
degraded donor and acceptor beacons at the same spatial location (Le., within a cylinder of 

0. 2 ]xm in diameter and 1 ^m in thickness) in a fluorescence imaging assay is small. This is 
especially true considenng fliat, with chemical modifications of the beacon backbone^ only a 
small firaction (< 50%) of the molecular beacons would be degraded m an intracellular 
environment It is worth mentioning that all the signal-to-background ratios discussed above 
change with the donor exdtation wavelength. 

[0^ As shown in Figure 4a, S:Bam of the FRBT assay with C}^-labeled acceptor 

beacons was almost identical to S:Bdm of the donor beacon alone over the entire range of 
excitation wavelengths tested. Neither parameter varied significanfly, ranging between 20 
and 25, as the excitation waveloigtfa X was increased. The dual FRBT molecular beacons, 
however, did generate a signal 2 to 3 times stronger compared with that of degraded beacons, 

1. e., S:Bdeg has a value of 2-3, while conventional molecular beacons cannot differentiate 
between signals due to degraded and hybridized probes. Signal enhancanent upon molecular 
beacon/target binding is strongly affected by cation concentration and temperature. In this 
case, the S:Bdeg was relatively low since the assay temperature of ZTC was near the stem 
melting temperature. 



was generated with both the donor and accq>tor beacons in solution, the fluorescence signal 
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[067] When a ROX fluorophore was used as the acceptor dye, S:BaMB was found to. 

be -10, about hsUf of S:BdMBy at low excitation wavelengths X (e.g., 395 nm to 425 mn), as 
shown in Figure 4b. However, when X was increased, S:Bam also increased. In fact, when X 
became larger than 460 nm, SiBomb wa£s higher than S:BdMB, reaching values above 30. This 
indicates that the dual FRET molecular beacons with a Fam-ROX FRET pair can perform 
better than the conventional molecular beacons even in the absence of beacon degradation' 
issues. The value of S:Bdeg also increased with increasing X, reaching values close to 5 at X - 
455 nm, remaining between 4 and 5 for wavelengths ranging from 455 nm to 495 nm. 
[068] Acceptor beacons labeled with Texas Red were found to perform the best 

among the three acceptor dyes consida:ed. Value of S:BaMB increased from 10 to nearly 50 as 
X was increased fibom 395 nm to 495 nm. Moreover, as X was increased &om 455 mn to 475 
nm the value of S:Bdeg inoreased fiom ~2 to over 10 and remained around 10 for X > 475 nm, 
as demonstrated in Figure 4c. Therefore, the signal generated by binding of bo& donor and 
acceptor beacons to a target could be 10 times brighter than &lse-positive signals. An 
exan^)le of the spectra generated using the Fam-Texas Red FRET pair is given in Figure 5. 
[069] Although the performance of dual FRET molecular beacons is better than non- 

FRET molecular beacons due to increased signal-to-background ratio and the ability to 
differentiate between bound and degraded molecular beacons, the peak fluorescence intensity 
of the acceptor beacons was typically lower than that of the Fam-labeled donor beacons, as 
shown in Figure 6, Specifically, at wavelengths where optimal FRET signal-to-background 
ratios were obtained, for Fam-Texas Red FRET pair tiie peak signal intensity of the acceptor 
was only about 40% of that emitted by the Fam-donor alone, and only about 25% for the 
Fam-ROX FRET pair, which may limit ultimate sensitivity, 

[070] The efficiency E of fluorescence resonance energy transfer between thea 

donor and acceptor fiuorophores varies according to 

^ = l/(l+ii^/i?o) (1) 
where is the distance between donor and acceptor dyes, and iio is the Fdrster enorgy 
transfer distance or the distance at which E - 0.5. For typical fluorophores Ro - 1~S nm. 
Equation (1) implies that the g^ (i.e., the number of bases) between Hie donor and acceptor 
beacons should be kept small. However, too smaU a g^ size may result in steric interference 
between fluorophores or might lead to other interaction between donor and acceptor (such as 
ground state qu^ching), which is unfavorable. The gap size can influence the relative 
orientation of the fluorophores, also affecting ena"gy transfer efficiency. A gap size of 8 
bases was found to be optimal for en^gy transfer in the single-stranded random-coil 
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confimnation (J^K al., 1995; Hung et aL, 1997), Purflier, ba^omposition can influrace 
fluorescence efficiency. The combination of a fluorescein dye attached to a guanine base can 
deotease peak jQuorescepce intensity by as much as 30% (M. Behlke^ unpublished 
observation). To optimize design parameters, hybridization experimmts were conducted 
using targets that sqparate the donor and acceptor beacons by 3, 4, 5, and 6 bases.' The 
nucleotides closest to the prob^binding region were identical for each target sequences. 
When the distance between the donor and acceptor beacons was increased fiom 3 to 6 bases, 
there was a slight increase in the FRET signal intensity, as demonstrated by the curves 
displayed in Figure 7. This irmd was found to be the same for all the acceptor fluorophores 
studied. 

[071] LRET of Lanthanide Dyes. Conventional organic dyes used for FRET assays 

are limited by problems associated with the overlsqpping of donor/acceptor excitation and 
emission spectra. To dramatically improve the signal-to-background ratio, the inventor takes 
advantage of the shaip emission peaks and the long lifetime of a lanthanide chelate (Li and 
Selvin, 1997; Cooper and Sammes, 2000). Specifically, a lanthanide donor is substituted for 
the Fam donor and modified the detection system to employ time-resolved spectroscopy. 
The lanthanide donor was a linear oligpnucleotide probe labeled at its 3*-«id with the 
Teibium chelate DTPA-C5l24 (Table 1). The same series of acceptor molecular beacons 
were tested as before, including beacons with Cy3y ROX» or Texas Red fluorophores. Note 
that the use of lanlhanide donor allows for shorter wavelength excitation, as demonstrated in 
Table2. 

[072] The results of LRET experiments with a lanthanide donor axe shown in 

Figures 8a, b. As shown by curve (1) in Figure 8a, at 32S nm excitation, when the Teibium- 
chelate labeled donor probes bound to Cy3 labeled acceptor beacoos, they exhibited several 
sharp mission peaks separated by valleys with fluorescence intensity close to zax>; while tiie 
fluorescence emission fix)m scccptor molecular beacons alone hybridized to targets was 
extremely low, as shown by curve (2). With binding of bolli donor probes willi Terbium- 
chelate and acceptor molecular beacons to target, a sensitized miission of the acceptor due to 
LRET was observed, shown as curve (3). As clearly demonstrated by the insert in Figure 8a, 
at emission wavelengths ^ere background fix)m the lantiianide donor was near zero, 
extremely higji signal-to-background ratios were obsarved. For Cy3-labeled acceptor 
beacon, the optimal detection wavelaigth is around 573 nm- Similar features were whibited 
in Figure 8b in which the time resolved emission spectm obtained with 325 nm excitation in a 
dual LRET probe assay using Tobium dielate as a donor and ROX as an acceptor were 
displayed. It is again very clear that at certain emission wav6leDgth3 Ihe signal-to- 
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background ratio approaches infinity. As seen from the insert of Figure 8b, for ROX-labeled 
acceptor beacon, the optimal detection wavelength is around 614 ma Although the 
fluorescence emission due to energy transfer was very low, these results nevertheless suggest 
that there is a significant potential for use of lantfaanide donors with dual energy transfer 
molecular beacons. 

(073) To determine the possible detrimental effect of small gap size between donor 

and acceptor probes on LRET, the spacing between the Terbium-labeled donor probe and the 
Cy3 or R0X4abeled acceptor beacon was varied from 3 to 9 bases. It was found that the 
detected fluorescrace int^ity is not sensitive to the gap spacings tested, i.e., with a spacing 
of 3, 4, 5, 6 and 9 bases, ttie signal levels were similar (data not shown), suggesting that the 
possi1)le detrimental effect was negligible when both probes hybridized to the target with a 
relatively small gap spacing. Using Equation (1), it is readily shown that, with the gap 
spacing varying firom 3 to 9 bases, the energy transfer efficiency does not change much, smce 
tiie Fdrster distance Rq for the Terbium/Cy3 IUBT pak is large ( 6.12 nm) (Selvin, 2002). 
For exantqple, when R in Equation (1) increases from 1 nm (^3 bases) to 2 nm ('-^ bases) and 
to 3 nm (r9 bases), the energy transfer efficiency E only decreases by 0.12% and 1.37%, 
respectively. 

[074] Due to the narrow emission peaks exhibited by lanthanide dyes, and the use of 

time-resolved fluorescence ddsction, it is not necessary to include a quencher molecule in 
the acceptor molecular beacons, although the stem-loop hairpin structure of the beacon may 
still be beneficial. However, when the detection of pomt mutations is not involved, the use of 
linear LRET pairs of oligonucleotide probes is attractive owing to its potential in reducing 
cost while having comparable performance. To demonstrate the concept, donor 
oligonucleotide probes labeled with a Europiimi chelate at its 3 '-end, and acceptor 
oUgonucleotide probes labeled at its 5 '-end with a Cy5 fluorophore.were syntiiesized, and in- 
solution hybridization and time-resolved emission detection assays were performed. The 
resulting emission spectra are displayed in Figure 9. Similar to the results obtained using 
Terbium-chelate donors, at 325 nm excitation, the emission spectrum of Europium donor 
bound to target showed several peaks wiflun the range of 550 nm to 750 nm, as demonstrated 
by curve (1). The fluorescence raiission of the Cy5-labled acceptor probe due to probe/target 
hybridization is again almost zero (curve (2)). When both donor and acceptor probes 
hybridized to the same target, there was a s^itized emission of the acceptor due to LRET, 
as shown by curve (3). Evidentiy, at certain wavelmgths (such as 670 nm), the background 
signal due to degraded donor and acceptor probes becomes very low, leading to a higih signal- 
to-background ratio. It was found that with the DTPA-csl24 chelate used in this study, the 
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LRET piobe p^Wvith a Teibium donor perfoims better fba^K LRET probe pair with a 
Europium donor and a Cy5 acceptor. 

[075] Although conventional molecular beacons can in theory detect mRNA 

transcripts in living cells^ conditions within ihe intracellular enviromnent can limit flieir 
utility in cellular imaging of g€»e expression. Spedfically, molecular beacons bound to target 
mRNAs cannot be distinguished from those degnided by nucleases, or destabilized due to 
interactions with proteins. Here we report a dual molecular beacon method that combines the 
advantages of molecular beacons with two-probe resonance energy transfer methods. 
Conventional and time-resolved fluorescence spectroscopy studies indicate that dual FRET 
molecular beacon pairs are capable of distinguishing between bound and degraded beacons 
with improved signal to background than previous methods. Moreover, with a lanthanide 
chelate as the donor dye, tiie signal-to-background ratio can be extremely high at certain 
wavelengths. 

[0761 These features are especially important in the detection and quantification of 

gene expression in living cells whrare false-positive signals due to probe degradation and 
interaction witii DNA binding protems must be distinguished from the *true' signal that 
results fix)m probe/target binding. We mvision widespread applications of the dual energy 
transfer molecular beacon methods in laboratory and clinical studies of gene expression in 
living cells, tissues and even animals using single- or multi-photon microscopy, time- 
resolved fluorescence miax>scopy, and fluorescence endoscopy. For example, it is plausible 
to use this methodology for the specific and sensitive detection of the repression of 
oncogenes and tumor-suppresser genes in living cells, potentially making it a very simple and 
effective clinical tool fisr the early detection and diagnosis of malignancy. 
[077] When using the dual LRET molecular beacons for gene detection and 

quantification examples of chelates that can be employed include DTPA-csl24, BCPDA 
(4,7-bis(chlorosul&phOTyl)-l,10-phenan1iirofine-2,9-d^ add) and BHHCT (4,4- 

his(l,l,l,2,2,33-hq>tafluoro-4,6-hexanodion-^yl)-dilorosulfo-o-^ (Bvangelista 
al., 1988; Lx>pez et aL, 1993; Yuan et aL, 1998; Sueda et al., 2000; Cooper and Sammes, 
2000). 

[078] Anoth^ improvement is to use two photon excitation instead of one-photon 

excitation. So fior, all flie dual FRET beacon/targrt hybridization assays performed were 
based on a one^hoton excitation source (Xmon flash lamp)- Howeva:, because of the 
ovCTlapping excitation-anission spectrums of the organic donor and acceptor molecules for 
FRET, it is often difficult to excite the donor without also directly exciting the acceptor. For 
example, as dmionstrated in Figure 10a, the maximum excitation of a donor Fam molecule 
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occurs at --500 nm, but at the same wavelragtfa an acceptor Cy3 molecule is also excited to 
25% of its maximum. Therefore, if an acceptor beacon is degraded by nucleases and the 
fluorophore is separated from the dabcyl quencher it will be excited, giving a false-positive 
signal. Ideally, free acceptor fluorophores should be minimally excited by the excitation 
source and the only ones that are excited would be those due to FRET when both ttie donor 
and acceptor beacon are bound to the same target 

[079] One strategy to minimize the direct excitation of the acceptor fluorophore is to 

use a two-photon excitation source. Two-photon excitation cross-sections of fluorophores do 
not necessarily follow the same trends as one-photon excitation spectnims. For example, as 
shown in Figure 10b> although fhe maximum excitation of Cy3 occurs at higher wavelengths 
than Fam when one-photon excitation is used, with two-photon excitation the Cy3 
fhiorophore is actually excited at lower wavelengths. Fur&er, when a donor Fam molecule is 
maximally excited at ~790 nm» the Cy3 acceptor is only excited about 4% of its maximum. 
This alone is more than a 6-fold reduction in the direct excitation of the Cy3 acceptor 
compared witti one-photon excitation. Two-photon excitation also has the advantage of 
reduced photo-bleaching, reduced background fluorescence from scattering, and the ability to 
penetrate deeper into biological tissue than one-photon excitation. Therefore, tfvo-photon 
excitation is potentially a powerfid approach in dual FRET molecular beacon studies. 

Example 2 

Shared Stem Nucleic Add Probes 

[080] Oligonucleotide Synthesis. Oligonucleotide probes and targets were 

synthesized using standard phosphoramidite chemistry on an ^plied Biosystems model 394 
automated DNA synthesizer (Foster City, CA). Molecular beacons were purified using a 2- 
step reverse phase (RP) plus ion-exchange (IE) high performance liquid chromatography 
(HPLC) on a Waters Model 600E HPLC system (MiUipore Corp., Milford, MA). For RP- 
HPLC purification, oligonucleotides were loaded on a Hamilton PRP-1 column and eluted 
with a linear 5% to 50% acetonitrile gradient in O.l M triethyl-ammonium acetate (TEAA) 
pH 7.2 over 40 minutes. The oligonucleotides were additionally purified by BB-HPLC using 
a So\m;e™ column (Amersham Pharmacia Biotech, Piscataway, NJ) and eluted with a linear 
0% to 50% 1 M LiCl gradient in 0.1 M Tris pH 8.0 over 40 minutes. Unmodified (target) 
oligonucleotides were purified xising polyacrylamide gel electrophoresis. All 
oligonucleotides were synthesized at Integrated DNA Technologies, Inc. (Coralville, lA). 



30 



wo 03/000933 



[0811 




Millar Beacon Design. Two types of moJ 




beacons were designed 
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and synthesized; Jsoth contain target-specific probe sequence complemmtary in antisense 
orientation to exon 6 of the human GAPDH gene, a Cy3 fiuorophore at the S'-md, and a 
dabcyl quencher at the 3'-ead. As illustrated in Figure 11a, one type follows the 
conventional design of molecular beacons in that the target-specific probe domain was 



these arms were independent of the target sequence. Shared-stem molecular beacons, on the 
other hand, were designed to have one arm of the stem complementary to the target sequence, 
as shown schmatically in Figure lib. In both cases, the probe length Lp is defined as the 
portion of the molecular beacon that is complementary to the target, and the stem length Lg is 
the number of bases of each cQnq)lementary arm. All the molecular beacons had Lp - 19 
bases (see Table 3). Conventional molecular beacons were synthesized with ij = 4, 5 and 6 
bases. The shared-stem molecular beacons wctc synthesized with Z, = 4, 5 and 7 bases. As 
illustrated by Figure 12a, a 6-base stem may not be synthesized because the shared-stem 
molecular beacon sequence is constrained, i.e., part of the arm sequence that makes up the de- 
base stem is predetermined since the 5'-^ of the shared-stem molecular beacon must 
complement the target sequence and the 3'-st^ is created solely to complem^ the 5'-stem 
sequence. This inadvertently forces an additional base paiiing in the sten^ It should be noted 
that the stem sequence of a shared-stem molecular beacon is not adjustable since one aim of 
the stem is designed to conq)lema]it the target This limitation often precludes the design of 
certain- stem/probe length combinations, as demonstrated in Figure 12b for a molecular 
beacon with a probe length of 18 bases and a stem loiglfa of 4 bases. Five target 
oligonucleotides were also synthesized, one wild-type and four with mismatches at assorted 
locations, as shown in Table 3. 



centrally positioned between two complemmtary arms that form the stem; the sequence of 
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Name 



Shared-stem 19/4 
Shared-stem 19/5 
Shared-stem 19/7 
Conventianal 19/4. 
Conventiana] 19/5 
Conveatifmal 19/6 
TaigftWT 
Tai:^A 
T8i:getB 



Sequence (5' -3') 



Cy3^AGTCCrrCCACGATACCActc-Dabcyl 

SEQ]DN0:13 
C^3-GAGTCXniCCAC0ATACCAg»ctc-Dabcyl 

SEQIDN0:14 
Cy345ACTCCrrcCACGATACCAggactc.DabcyI 

SEQIDN0:15 
CyB^xtcQAOTCCnrXXIACGATAaiAsagg 

SEQIDN0:16 
Cy3HJtgacGAGTC(nTCXl\CXUTACCAg^^ 

SEQIDN0:17 
Cy3<tgagcGACnaTnXACGATACCAgptca-DabcyI 
SEQIDNO:l8 
AfmTGGTATCGTGGAAGQACTCATGA 

SEQIDN0:19 
ArTTTrrflTATCGTGGAAGGAiiTCATGA 

SEQIDNO.20 
AfrrrrGGTATCGTaGAAGGACTCATGA 

SEQIDN0:21 
Af?rTTnnTATCGTaGAAQGA«TCATOA 

SEQIDNO:22 
ArTTTGOTATCGTaaAAGGACTCATGA 

SEQIDNO:23 



Notes 



Probe 19 /Stem4 
Probe 19 /Stem 5 
ProbcI9/Stem7 
Probe 19 /Stem4 
Probe 19/ Stems 
Probe 19/Stem6 
Perfect match 
Stn^mismatdi 
Sin^e mismatch 
Double mismatds 
Double mismatch 



(1) Molecular Beacons: Lower case « bases added to create stem domains. Upper case ° probe-taiset hybridizing domains. 
Upper case bold » bases participating in both stem hairpin and target binding 

(2) Targets: Underscore - 19 base sequence con^lementary to beacons. Lower case bold ^ miRmat c h bases in 
taigets 



[082] Equilibrinm Analysis. Molecular beacons in the presence of target were 

assumed to exist in three phases: 1) as duplex with target, 2) as stem-loop hairpin, and 3) in 
landom coil confonnation. Dissodation constants describing the transition between these 
phases were determined by analyzing the themial denaturation profile of molecular beacons 
in flie presence and absence of target (Bomiet et al., 1999). Denaturation profiles were 
obtained by recording the fluorescence intensity of a 50 pL solution containing 200 nM of 
molecular beacon in the presence of 0 to 20 of target at temperatures ranging 6om 5 
to 95 Specifically, the temperature of the hybridization solution was brought to 95 X and 
reduced by 1 °C increments to 5 ''C. The ten^erature was then raised with 1 "C increments 
back to 95 to ensure that the solution reached equiUbrium and no hysteresis had occurred. 
The temperature was held at each temperature increment for tea minutes and fluorescence 
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[083] ^Rieasured for fhe final 30 seconds. The flu^Rence intensity of each test 

solution was adjusted to correct for tiie intrinsic variance of fluorescence over temperature. 
Each thermal draaturation assay was performed in hybridization bufiEer containing 10 mM 
Tris, SOmMKCl, and 5 mMMgCb. 

[084] The fluorescmce hxtensity data describing the thermal denaturation profile of 

each molecular beacon and molecular beacon-target duplex was used to determine the 
respective dissociation constant as described in Bonnet et al. 1999. Specifically, dissociation 
constants Ku characterizing the transition between phase 1 (bound to target) and phase 2 
(closed beacon) of molecular beacotis w^e obtained for all beacon-target pairs and for all 
molecular beacons in the absence of target. Further, the dissociation constants Ku were used 
to determine the dianges in entiialpy (AHn) and entropy (2IS12) associated with each beacon- 
target duplex. The errors calculated for the thennodynamic parameters signify a 95% 
confidence interval 

[085] Molecular Beacon Specificity. The fi:action of molecular beacons bound to 

target, a, was calculated fi>r eadi molecular beacon-target pair as a fimction of tonperature. 
All calculations utilized the thennodynamic parameters, exx&isiipy change AHiz and entropy 
change ASn, obtained &am the thermal denaturation profiles for each beacon-target diq>lex 

<^ ^ /i»)+(A^i2 /it) (2) 

(l-aXtl-a)^o 

where 9 is the temperature in Kelvin, R is the gas constant, t] = To/fio, Bq - Bo/coy To and Bq 
are respectively initial concentration of target and beacons, and co is the unit concentration 
IM (Ratilainen et al-, 1998). The value of a was calculated for each molecular beacon-target 
pair as a function of tenqperature for samples containing ^0 - 200 nM of molecular beacon 
and To ^ 400 nM of target The melting temperature Om is defined as the temp^trtuie at whidi 
half of the molecular beacons are bound to target, Le., a - 0.5. 

[086] lOnelic Analysis. A SFEX fluorolog-2 spectrofluorometer wifli an SFA-20 

rq)id kinetics stopped-flow accessory and a temperature/trigg^ module (SFA-12) was used 
to measure molecular beacon-garget binding Idnetics. Specifically, the fluorescence mtensity 
emitted fix>m a rapidly mixed solution containing 250 nM molecular beacons and 2.5 pM 
targets was recorded over time for each molecular beacon-target pair. The hybridization 
reaction was assumed to obey the second order reaction kinetics 
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where [Bj^TJ and [D] are the concentrations of unbonnS molecular beacon, unbound target, 
and molecular beacon-target duplex, respectivel)^ ki is the on-rate and the off-rate of 
molecular beacon-target hybridization. The exact solution of Equation 3 gives 



. P(0]-,-M,/ 



1 J^W^ 



(4) 



Where A = V(^o +10+^12)^ -^B^q , [i)e,] = (5o +^0+^12 -A)/2, X^lD^f I B^^'q, 
and K12 = kj/kj is ibs dissodation constant discussed above. Since the concentration of 
molecular beacon-target duplex is tinknown at any given time, it was assumed that 
{Fit)-Fj)/{Fe^ -F.)='[D{ty\/[Dgg]'Wbsxe F(t)'ts the fluorescence intensity at time t, Fo is 

the initial fluorescence intensity, and Fgq is the fluorescence intensity as t-x». In order to 
obtain the on-rate k\ based on Ihe fluorescence measurement, two different curve-fitting 
schemes were used. The first utilized a least-square method by fitting a straight line to a 
logarithmic form of Equation 4, 



ht (5) 



with a slope equal to ku Alternatively, a non-linear least-square method was used to 
determine the value of A/ fix)m Equation 4 directly. The results obtained using these two 
approaches were compared. 

[087] Thermal Analysis. To better understand how the performance of shared-stem 

molecular beacons differ from that of the conventional molecular beacons, thermodynamic 
parameters of these two types of molecular beacon were obtained and con^ared. hi 
particular, the enthalpy and entropy changes AHn and ASn describing the phase transition 
between 'bound-to-target and stem-loop conformations were determined for conventional and 
shared-stem molecular beacons using van't Hoff plots. As demonstrated m Figure 13, these 
plots di^lay tilie inverse of melting temperature l/9m as detennined byRto(To - O.SB0) 
shown as the ordinate. Since at melting t^perature, 

the slope of the fitted straight line of each curve in Figure 13 represents the enthalpy change - 
AH\2 and the y-interc^t represents the entropy change ASn* It was found that in general, the 
shared-stem molecular beacons have a higher melting temperature, i.e., they form more stable 
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probe/target dupi9& than conyeaticmal molecular beacons. changes of enthalpy and 
entropy for all the molecular beacon-target combmadons tested are summarized in Table 4. 



Table 4. Changes In Enthalpy and Entropy of Convratlonal and Shared-stem 
Molecular Beacons m the Presence of Target 







Conve&tioiud Molecnlar Beacons 


Shared-ttem Molecular Beacons 


Target 


Probe 
LcDsdi 


Length 


Air 

(kJ/moI) 


AC 

Ocl/moMO 


Leagth 


(kJT/moI) 


OEJ/mol'K) 


WT 


19 


4 


823±168 


2281 ±489 


4 


g62±116 


2383 ±336 


A 


19 


4 


577±62 


1S9S±184 


4 


708 ±36 


1967 ±106 


B 


19 


4 


527 ±27 


1471 ±79 




586 ±54 


1628 ±161 


C 


19 




472i:23 


1336 ±70 




478 ±49 


1340 ±148 


D 


19 




480 ±38 


1352 ±115 




521 ±87 


1461 ±262 


WT 


19 




649 ±28 


1784 ±83 




690 ±16 


1887±46 


A 


19 




418 ±23 


1133 ±70 




446±20 


1205 ±59 


B 


19 




38Sdb24 


1055 ±73 




391 ±24 


10S7±72 


C 


19 


5 


324±17 


901 ±54 




369±57 


1025 ±175 


D 


19 


5 


291 ±25 


790 ±^76 




319±28 


861 ±85 


WT 


19 


6 


4^±16 


1265 ±48 




413 ±10 


1096 ±28 


A 


19 


6 


404±25 


1105±76 




370 ±13 


998 ±38 


B 


19 


.6 


380±26 


1055 ±79 




351 ±39 


956±n7 


C 


19 


'6 


367 ±19 


1058 ±61 




260 ±30 


707±93 


D 


19 


6 


373 ±29 


1065 ±91 




245 ±25 


653 ±79 



[088] To minimize the number of independent variables involved in controlling 

piobe/target hybridization, all the molecular beacons were designed to have identical probe 
sequences. Further, for molecular beacons with a stem lengdi of S bases and a probe length 
of 19 bases, the stem sequence of the conventional molecular beacons was chosen such that 
energetically the stem was similar to that of the shared-stem molecular beacons. The free 
energy changes were calculated using nearest neighbor qyproximations (Zucker 2000). 
[089] The diff^rrace in themiodynamic behavior between conventional and shared*- 

stem molecular beacons can be understood in teems of the ability of the flanking anns to 
intmct with each otiicr. With shared-stem molecular beacons, once part of the stem (one 
ann) is bound to tbe target, it is less likely to interact with its complementary ann, resulting 
in a more stable piobe/target duplex, hi contrast, the anns of a conv^onal molecular 
beacon do not bind to the target and are thus more likely to interact willi each other as driven 
by tfaemal oaecgy, increasing the tendency of forming a closed molecular beacon by 
dissociating &om, ttie target Not suprisinj^y, Hie stem length of a molecular beacon 
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influenced the equilibrimn state of both the shared-stem and conventional beacons in the 
presence of target As shown in Figure 14, as the stem length was increased from 4 to 6 
bases, conventional molecular beacons were found to dissociate from target molecules more 
readily. A very similar trend was true for shared-stem molecular beacons (data not shown). 
This indicates that hybridization is less favorable for molecular beacons with longer stems. 
[090] The changes in enthalpy and entropy that control the dissociation of 

conventional and shared-stem molecular beacons from targets with mismatches were also 
determined (see Table 4). It was found that shared-stem molecular beacons formed more 
stable duplexes with each of fhe target molecules tested. However, as displayed in Figure 15, 
when point mutations w^ presoit in the target oligonucleotide, both types of molecular 
beacons dissociated from their targets more readily. The magnitude of change depended on 
both the number of mismatches and their location. Compared with the wild-type target, a 
point mutation near the cwtet of flie piobe-binding domain (Target B) was found to have a 
larger effect on molecular beacon dissociation than a mutation near the end of flie probe- 
binding domain (Target A). As expected, two point mutations (Targets C and D) on a target 
had a more profound effect on the dissociation of molecular beacons from targets than that 
with one point mutation. 

[091] Melting Temperature. To further elucidate the effect of molecular beacon 

structure on the stability of the probe-target duplex, the melting temperatures 6m for 
conventional and shared-stem molecular beacons with a probe length of 19 bases and stem 
lengths ranging from 4 to 7 bases were compared, as shown in Figure 6. It was found that 
conventional molecular beacons had lower melting temperatures than shared-stem molecular 
beacons for each of the stem lengths considered; however, both types of molecular beacons 
exhibited similar trends. Specifically, the melting temperature progressively decreased as the 
stem length increased. In fact, it £5)pears that the melting temperature would be quite low for 
conventional molecular beacons with a probe length of 19 bases and a stem length of 7 bases 
or greater. This is because that with long free aims of the stem a bound molecular beacon is 
very easy to dissociate from the target and form a stable hairpin structure even at low 
temperatures, 

[092] Molecular Beacon Specificity. Melting curves that display the fraction of 

molecular beacons in duplex form, a, as a fimction of temperature were obtained for each 

molecular beacon and probe-target pair. As demonstrated in Figure 17a, the di£ferrace in 

melting tenq)erature Om (i.e., ten^erature at a = 0.5) between beacon/wild-type-target and 

beacon/mutant-target duplexes was found to be slightly larger for conventional molecular 

beacons compared with corresponding shared-stem molecular beacons. Further, the 
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dififermce in fhe mIctLon of molecular beacons bound to wild-^^ target and mutant target, 
Ovrr - otTi«^ B, as a function of temperature was found to be similar for conventional and 
shared-stem molecular beacons, although the maximum value of - b is slightly 
higher for the former, as shown in Figure 15b. The conventional molecular beacons was also 
found to maintam a value of Owr - ctr„^ b > 0 over a slightly broader range of temperatures 
tiian shared-stem molecular beacons, but again the different is very small. This implies that 
the conventional molecular beacons may exhibit only a slightly higher specificity than 
shaied-stam molecular beacons. 

[093] The efEect of stem Iragtfa on molecular beacon specificity was also found to be 

similar for conventional and shared-stem molecular beacons. Specifically, the curves in 
Figure 18 demonstrate that, as the stem length is increased fhe heigihtened competition 
between a unimolecular reaction and bimolecular hybridization broads the transition 
between bound and unbound states. This results in an improved ability to discriminate 
between tar^ts over a wldo: range of temperature but lowers the maximum difference in the 
fixation of beacons bound to wild-type and mutant targets. 

[094] Kfaietic Analysis. The on-rate of shared-stem and conventional molecular 

beacons hybridized to wild-type target as a function of stem length is displayed in Figure 19a. 

It is seen ttiat for shared-stem molecular beacons, an increase in stem Imgthfixun 4 to Sbases 

induced a S-fold reduction in its on-rate, i^ch was furdier reduced by 3-fold when fhe stem 

length was inoreased &om S to 7 bases. En contrast, fhe on-rate of conventional molecular 

beacons only decreased slightly when ifae stem length was increased fiom 4 to 6 bases. It is 

mteresting to note that, with st^ l^gfhs of 5 bases or larger, the shared-st^ and 

conventional molecular beacons have on-rates differing only by less than a &ct6r of 2. 

However, the shared-stem molecular beacons with a 4-base stran hybridized to wild-type 

targets four tunes faster than fhe coiresponding conventional molecular beacons. This large 

difference in ^e rate of hybridization most likely resulted firom the variations in the stability 

of the hairpin structure. To further illustrate, the dissociation constants K23 of fhe 

conv^tional and shared-stem molecular beacons in the absence of target are shown in Figure 

19b. Interestingly, there seems to be a clear correlation between fhe on-rate of beacon 

hybridization and fhe stability of the ston-loop structure. This is understandable since K23 

represents the transition fiom hairpin (phase 2) to random coiled (phase 3) conformations of 

molecular beacons, and a hi^er ^23 implies that the molecular beacons are cadcr to open 

[095] Molecular beacons have become a very useful tool for many homogeneous 

single-stranded nucleic acid detection assays due to tiieir ability to differentiate between 

bound and unbound states and fheir improved spedfidty over linear probes. However, to 
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Optimize the performance of molec\ilar beacons for different applications, it is necessary to 
understand their structure-function relationships. Here is described a new design of 
molecular beacons, i,e., the shared-stem molecular beacons, of which the stem-ann nearest 



conventional molecular beacons whose stems are independent of the target sequence, and thus 
can freely rotate around the probe-target duplex, tiiis new design helps immobilize the 
fluoiophores of molecular beacons when they hybridize to the target, which is desirable when 
two molecular beacons are used in a fluorescence resonance energy transfer (FRET) assay 
(Tsouikas and Bao 2001). Specifically, with shared-stem molecular beacons, there is a better 
control of the distance between the donor dye on one beacon and the acceptor dye on the 
other beacon, since the rotational motion of the fluorophore*attached stem-arm is constrained, 
as illustrated in Figure lib. To &cilitate the design and application of, and to reveal the 
differences between, shared-stem and conventional molecular beacons, we performed a 
systematic study of the thermodynamic and kinetic parameters that control the hybridization 
of these molecular beacons with complementary and mismatched targets. 
[096] In g^eral, it was found that compared with shared-stem molecular beacons, 

conventional molecular beacons fonn less stable duplexes .witii single-stranded nucleic add 
targets but have a slightly unproved ability to discriminedie between wild-type and mutant 
targets. The difference in tfie duplex stability can be explained by the thermal-driven 
interactions between the two st^-fonning arms after the molecular beacon hybridized to a 
target molecule. Unlike linear oligonucleotide probes, a molecular beacon can have two 
stable conformations: bound to target, and as a stem-loop haupin. These two stable states 
compete with each other, giving rise to an improved specificity. The additional fireedom 
inherent in both arms of conventional molecular beacon increases the likelihood that, drivoi 
by thermal fluctuations,, these arms will encounter with each other, allowing the molecular 
beacon to dissociate from Ihe target with a higher probability. This reduced stabiUty also 
corresponds to a smaller value in the free energy differrace between bound and unbound 
states of the probe-target duplex. The change in free energy due to any mismatch between 
the probe and target, therefore, will have a more profound effect on the preference of the 
stem-loop hairpin conformation of the conventional molecular beacons, leading to an 
improved ability to differentiate between wild-type and mutated targets. However, this 
inq)rovement was found to be marginal. 

[097] Wifli any given probe length and sequence, the hybridization kinetics of 

molecular beacons appears to be primarily dependent on the lengOi and sequence of the stem, 
regardless of whetiier they are designed in flie conventional or shared-stem configuration. 



the reporter dye participates in both hairpin formation and target hybridization. In contrast to 
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Botii types of nroiecular beacons exhibited comparable n^Rdization rates i^en fhe 
dissodation constants describing die diennal fluctuation induced opening of the stem-loop 
structure, Kjs^ were similar. When the dififermce inKji for the shared-stem and conventional 
molecular beacons was increased, so was the difEiannce in the faybiidization on-rate. 
[098] In addition to the above-mentioned differences in the behavior of shared-stem 

and conventional molecular beacons, the choice of the stem length is independmt of the 
probe length for conventional molecular beacons, ^ereas there are certain constraints on tiie 
stem-length and probe-length combinations in designing the share-stem molecular beacons. 
This, together with the dependence of the thermodynamic and kinetic properties on the probe 
and stem lengths demonstrated in this study, should be consid^ed in the design of molecular 
beacons for specific i^lications. 

Example 3 

K-ras mdSurvivin Detection 

[099] It is well established that cancer cells develop due to genetic alterations in 

oncogenes and tumor suppressor genes and abnormalities in gene expression that provide 
grow& advantage and metastatic potential to the cells. A critical step in diagnosing and 
treating canc^ in its early stages is toidetect cancer cells based on the genetic alterations! An 
inq)ortant example is pancreatic cancer, the fifOi most &tal cancer in the US. Only 12% of 
patients diagnosed with pancreatic cancer can survive for one year; die S-year overall 
survival rate is qyproximately 3-5%. .The main reason for the poor prognosis of pancareatic 
cancer is that vety few of these cancers can be found early. CXmrent clinical diagnostic 
procedures such as CT-scan and endoscopic retrograde cholangiopancreatography (ERCP) 
have a low sensitivity in detecting pancreatic tumors less than 2 cm in size. In spite of the 
^ctensive biomedical research effints during the last few decades, over 90% of the patients 
with pancreatic cancer have already undergone local and/or distant metastases by the time of 
diagnosis, often maldng it too late to cure. Ihereforei, it is extremely important to detect 
pancreatic cancer in its eaiiy stages based on molecular markers rather than the size of the 
tumor. 

[0100] A novel way of achieving early detection of cancer is to identify cancer cells 

through detection of mRNA tran5crq>ts that exist in canc^ cells but not m normal cells. Here 
is demonstrated the dual-FRET molecular beacons of fhe present invention for the early 
detection of cancer cells. 
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[0101] K-ras is one of the most frequently mutated genes in human cancCTS. A 

member of the G-protein family, K-ras is involved in transducing growth-promoting signals 
from the cell surface. Point mutations of K-ras are found in 80-100% of pancreatic, 40-60% 
of colon, and 25-50% of lung adenocarcinomas, suggesting that mutant K-ras is a sensitive 
marker for pancreatic cancer detection. Further, K-ras mutations occur almost exclusively in 
three hot spots (codons 12, 13 and 61). Most of them are concentrated at codon 12, which 
facilitates the design of molecular beacons. Since K-ras mutations occur very early in the 
development of pancreatic cancer, assays targeting K-ras mutations can lead to early 
detection of pancreatic carcinomas. Other oncogenes and tumor-suppressor genes involved 
in pancreatic cancer include p53, pl6, MADH4, DPC4, BRCA2, MKK4, STKll, TGFBRl 
andTGFBR2. 

[0102] There is increasing evidence recently suggesting that survivin, one of tiie 

inhibitor of s^optosis proteins (IAPs)» is a good tumor marker for several types of cancers. 
Survivin is nQtmaUy expressed during fetal development but not in most normal adult tissues. 
However, high levels of survivin are detected in many human cancer types and transformed 
human cells. In particular, a recent study has demonstrated the presence of survivin in 77% 
(20 out of 26 cases) of pancreatic duct cell adenocarcinomas by immunohistochemistry, 
immunoblotting and RT-PCR assays. The results from this study also suggested that the 
^pression of survivin is present in early stages of neoplastic transition in pancreatic cancer 
cells. However, expression of survivin was not detected in pancreatic tissues obtained from 5 
normal persons and 12 patients with chronic pancreatitis, nor was it found in inflammatory 
cells around tumor cells. The absence of survivin expression in normal pancreas, pancreatic 
tissue of chronic pancreatitis patients and oth^ normal tissues makes it an ideal molecular 
marker for the detection of pancreatic cancer cells. Although molecular beacons can be 
designed to target alterations of many oncogenes and tumor-siqppressor genes, in the 
proposed study we opt to focus on the detection of K-ras mutations and the expression of 
survivin in pancreatic cells. 

[0103] It has been shown that K-ras mutations can be detected in blood, pancreatic 

juice and pancreatic tissue sanaples of pancreatic cancer patients using DNA purification and 
mutant-enriched PGR followed by single strand conformation polymorphism (SSCP), 
restriction fragment-length polymorphisms (RELP), or allele-specific oligodeoxynucleotide 
hybridization (ASOH). Although identification of K-ras mutations by PGR is a fairly 
sensitive molecular approach, the procedures for PGR and subsequent assays are very time- 
consuming, rnflVing them difticult to become clinical procedures. Furthermore, detection of 
K-ras mutations in DNA from peripheral blood or pancreatic juice alone is not sufi&cient for 
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diagnosis of p 



Lc cancer since it lacks tiie 



specificil 



liie detranination of the 



cellular origin of the K-ras mutatioa A better way to detect pancreatic cancer is to use 
nucldc add probes of the present invention to detect Krras mutations in cancer cells directly. 
Utilization of prior nucleic acid probes to detect K-ras mutations in PGR products of DNA 
samples isolated fiom lung cancers has been reported and the speciScity has beoi 
established. However, to date flie use of nucleic acid probes for the detection of mutant K-ras 
mKNA in intact tumor cells has not been rq)orted. One advantage of using the molecular 
beacons i^yproadi is that a cocktail of multiple such probes can be delivered into cells for 
different molecular markers of cancer. 

[0104] An important issue in detecting K-ro^ mutations in cells is Hbat as a signaling 

protein the expression level of K-ras mRNA may not be very high (< 1,000 copies par cell), 
even in cancer cells* Fuilher, the secondary structures of K-ras and survivin mRNAs may 
influence the binding betwe^ nucleic acid probes of the present invention and the targets. 
Thus, it is preferred to optimize the design of molecular beacons and the beacon deUvery 
conditions so that high detection specificity and sensitivity can be achieved. By routinely 
combining the nucleic acid probes of the present invention approach with high-sensitivity 
fluorescence microscopy, it will likely be possible to detect as few as 1 0 copies of mKNA per 
cell. 

[0105] To further examino probe-target hybridization and energy transfer between 

nucleic acid probes of the present mvention, dual-ERET molecular beacons w^e designed 
and synthesized Specifically, the molecular beacons were designed to target human GAPDH 
mRNA. The donor proes were synthesized with a 6-FAM donor fluorophore (D) at the 3' end 
and a Dabcyl quoicher (Q) at the 5' ea± Similarly, accq)tor probes were syndiesized with a 
Cy3 acceptor fluorophore (A) at the S' end and a Dabcyl qumcher (Q) at the 3' ^ (see 
Table 5 below). The donor and acceptor beacons are chosen such that they axe 
complementary to part of the target sequence. The loop portion, therefore, is 13 bases in 
length. The synthetic targets mimiddng the GAPDH IVT RNA exon 6/exon 7 junction are 
designed so tiiat the gEQ> between the two beacons hybridizing on the same target is 
respectively 3, 4, S or 6 bases, with 4-base gap being that of the wild-type. All the nucleic 
acid probes of the present invention were synthesized at Integrated DNA Technologies (IDT, 
Ihc). 

[0106] As illustrated above, tfaemiodynamics and bmding Idnetics of molecular 

intraiactions undedies tiie design of the nucldc add probes of the present invention. The fiee 
energy difference between keq>ing 4ie stem-loop structure and forming the probe-target 
diq>lex is Ihc main drivmg force for hybridization. The nucleic add probes of tiie preset 
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invention can have three different phases in solution: hairpin, random coil, and probe-target 
duplex. The relative portions of these phases depend on the structure of the probe, probe and 
target concentrations, solution chemistry, sequences of the probe and target, and temperature. 
For example, if the stem length is too large, it will be difficult for the stem-loop probe to 
open upon hybridization. On the other hand, if the stem length is too small, a large fraction of 
probes may open due to Brownian forces. Similarly, relative to the stem length, a longer 
probe may lead to a lower dissociation constant, however, it may also reduce the specificity, 
since the relative, free energy change due to one-base mismatch would be smaller. 
[0107] To further establish the structure-function relationships of probes, one can for 

example routinely design and synthesize a series of dual-FRET probes for targeting different 
K-ras codon 12 mutations, such as shown in Table 5. For each pair of donor and accqstor 
beacons, the donor beacon will contain one of the most common K-ras point mutations in 
pancreatic cancer such as GGT-GAT transitions (Gly to Asp) or GGT-GTT (Gly to Val), 
GGT-CGT (Gly to Arg), GGT-TGT (Gly to Cys) transvcrsions. The same acceptor beacon 
can used with all donor beacons having different mutated sequences. As an example, a 
specific beacon design for nucleic acid probes of the present invention has a probe length of 
21 nucleotides, a stem length of 4 nucleotides, and a gap size of 4 nucleotides between the 
donor and acceptor beacons bound on the same target. One can routinely examine the effect 
of beacon structure on hybridization rate and specificity by varying: 1) probe length of 17, 19 
and 21 bases; 2) stem length of 4 and 5 bases; 3) gap sizes of 4 and 5 bases between donor 
and acceptor beacons along the target mRNA. For different parameter combinations, kinetic 
and thermodynamic modeling described above will be performed to build the analysis of the 
experimental data. 
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Table 5, Design 



[olecular Beacons for K-ras Codon 12 



Wild-type K-ras (Bases 1-78) 

1 ATQACTGAAT ATAAACTTGT GCTAGITGGA GCTGGTGGCQ 
41 TAGGcaagAG TGCCrTOACQ ATACAGCT AA TTCAGAAT ^ 
SEQIDNO:27 



Dual-FRBT Molscnlar Beacons 
Donor Beacon: S'-Drixsy ^AGTGCG CTGTATCX3TCAAQGCA(^^ 

S£QIDNO:28 

Accqjtor Beacon: 5'-Cy3<XTrACGCCATCAGCItXJ^^ MutGGT-GAT 

SEQ]DNO:29 

Acceptor Beacon: S'-CyS-CXJTACGCCAACAGCI^^ MufcGGT-GTT 

SEQIDNO:30 

Acceptor Beacon: 5'-Cy3-(XTACG(XlACGAGCrOqSM&D^^ MtatGGT-OGT 

SEQIDN0:31 

Acceptor Beacon: S'-C^fS-OCTACXSCXIACAAGCTCXX^^ MufeGGT-TOT 

SEQIDNO:32 



[0108] To fiutho: increase the detection s^tivity, for example, one can synthesize 

nucleic add probes of the present invention to target a second cancer marker, such as 
surviviu, which is expressed in pancreatic carcinomas but not in normal tissues. 
[0109] To demonstrate the specificity of molecular beacons targeting Krras point 

mutations, in-solution hybridization studies are carried out by mixing the donor nucleic add 
probes of the present invention with respectively wild-type K-ras mRNA targets, the 
corresponding mutated K-ras mRNA targets and survivin targets at diflferent probe/target 
concentrations. Themial deoaturation profiles are generated and the corresponding transition 
tenq)eratures obtained. Since the detection sp^ificity dq)ends on the initial concentrations of 
probes and targets, the results of this study not only demonstrate the detection specificity but 
also provide guidelines for optimizing beacon delivery conditions. Furthomore, stopped- 
flow studies of the hybridization kinetic rates are p^ormed with each nucldc add probe of 
the present invention design and each target type. This helps select the optimal structure of 
the nucldc add probes of the present invention with the best possible combination of 
specifidty and rate of hybridization. 

[0110] To address potmtial issues with secondary structores of the mKNAs, synthetic 
targets with lengths three to four times the probe Imgtfa are used in in-sobition studies. To 
fiirther utilize the nucldc add probes of tiie present uxvention, total mSNAs of survivin and 
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the mutant JL-ras are isolated firom pancreatic cancer cells known to carry them, amplified, 
and in-solution hybridization assays are performed to determine the extent of binding 
between the nucleic acid probes of the present invention and these mKNAs. 
[0111] As mentioned earUer, in a cellular environment, nucleic acid probes caa be 

degraded by cytoplasmic , nucleases. To address this issue, the present invention provides 
probes synthesized with structural modifications such as 2'-0-methyl ODNs. Methylated- 
probe/target duplexes are more stable than DNA-probe/target duplexes, and methylated 
nucleic acid probes of the present invention hybridize to RNA targets faster than DNA 
probes. After delivery into primary human dermal fibroblast (HDF) cells, the fluorescence 
signal of unmodified molecular beacons with a random DNA sequ^ce and methylated 
nucleic acid probes of the present inyention with the same sequence are monitored over time 
to determine how long these probes can survive in a cellular environment 
[0112] To detentnine the specificity of the molecular beacons approach for detecting 

K-ras mutations in pancreatic cancer cells, nucleic acid probes of flie present invention are 
synthesized to target four different K-ras codon 12 mutations (GGT-GAT, GGT-GTT, GGT- 
CGT and GGT-TGT). Delivery, hybridization and imaging assays are carried out using 
pancreatic cancer cell lines such as Panc-1 (GOT to GAT), C^an-1 (GGT to GTT), PSN-1 
(GGT to CGT), and Mi^aca-2 (GGT to TGT) with the corresponding mutant K-ras mKNAs. 
Also used is the pancreatic cell line BXPC-3 as a control which has the 'wild-type' K-ras 
mRNA. 

[0113] Preliminary studies have shown that the K-ras codon 12 mutatipn GGT-GAT 

in Panc-1 cell lines has been confirmed. Furfher confirmation of the oth^ three mutations 
(GGT-GTT, GGT-CGT and GGT-TGT) in the corresponding pancreatic cancer cell lines 
using PGR amplification of K-ras exon 1 sequence followed by DNA sequencing is routinely 
performed. The K-ras mRNA concentration in each cell line is also be quantified using real 
time RT-PCR. During a pilot study, the delivery, hybridization, and buffer conditions for the 
nucleic acid probes of the present invention have been optimized to target mutant K-ras 
' mRNA in Pane- 1 cells (with GGT to GAT mutation). As mentioned earlier, the invention 
provides a preferred condition for this type of probe of 150 nM of the probes in Opti-MEM 1 
medium (GIBCO) and incubated at 37°C for 30 to 60 minutes. It is anticipated that the 
optimal delivery and hybridization conditions for nucleic acid probes of the present invention 
targeting different mutant K-ras mRNAs may vary from those identified. Nucleic acid probes 
of the present mvention designed for each specific K-ras mutation are incubated with at least 
four cell lines with the optimal deUvery condition; these cell lines include the ceU line 
containing the specific K-ras mutation, the 'wild-type' K-ras cell line BXPC-3, and two otiier 
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cell lines with dmiraat K-ias mutations. The ERET-induced mKKscmce signal in cells can 
be imaged using a confocal microscope. The specificity of the present probe detection 
methodology is confirmed when strong fluorescence signal are observed only in the cell line 
expressing the corresponding K-ras mutation but not in BXPC-3 nor oth^ cell lines* 
[0114] Similar assays are routinely performed to examine the specificity of survivin- 

targeting nucleic acid probes of tiie present invention using pancreatic cancer cell lines 
expressing difi^ent levels of survivin gene as well as the normal human fibroblast cells as a 
control. For example, using RT-PCR and Northern blotting, the level of survivin expression 
in pancreatic cell line Nfiapaca-2 ihas hem found to be high, in BXPC-3 it is much low^, 
while in HDF the expression level is almost zero. The probe sequence of the survivin probes 
is shown in Table 6 and the steps of the assay arc similar to that described above. The tumor 
cell lines expressing different levels of survivin mRNA and tiie normal cell line HDF arc 
incubated witihi the survivin nucleic acid probes of the present invention, and the resulting 
ftuorescmce are imaged using a confocal ndcroscope. 

Table 6. Design of Molecular Beacons for Survivin mRNA 

Survivin (Bases 1-121) 
1 A TGGCnOCCCC GACGTTGQCC CCTGCC TGGC AGCX:CTTTCT 
42 CAAGGa ccaC CGCATCTCTA CATTCAAG AA CTGGCCCrTC 
82 TTGC3AGGGCTGa]KXTGCACCXX:GGA 
SEQIDNO:33 

Dnal-FRET Molecular Beacons 
Donor Beacon: 5^AIexa546-CCTrGAGAAAGGGC^^ 

SEQIDNO:34 

Acceptor Beacon: S'J^abcyl-J^QSATTGAATGTAGAGATGCXJG-TemR^ 

SEQIDNO:35 



[0115] A critical issue concermng the specificity of detecting pancreatic cancer cells 

is that both K-ras codon 12 mutations and survivin are bemg expressed in colorectal and lung 
cancers as well To assure hig^ specifidty for detecting canc^ cells originated from the 
pancreatic ducts, in addition to using nucleic acid probes of ttie present invention targeting 
survivin and K-ras mutations, a flurd probe pair for flie chymotrypsinogen gene can be 
synfhesized^ v^ch is pancreas-specific. An example of flie design of donor and acceptor 
probes are respectively: donor probe: 5'- AMCA-ACCTGGATGTTGTCCTCGTCAQfilr 
dabcyi-3' SEQ ID NO:36 and acceptor probe: S*Hlabcyl- 
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AAGATTGAAGACCnTGGCGATCTT-Diakylamin (underlined bases are 

complementary bases to form a stem) SEQ ID NO:37. This nucleic acid probe pair of the 
present invention will be delivered into pancreatic, lung and colon cancer cell lines as well as 
the normal hximan fibroblast cell line HDF and the resulting fluorescence images recorded. 
This will assxire that only cells originated from pancreatic duct are detected. All the detection 
assays with cells are performed at 37°C. The assays determining detection specificity with 
lanthanide-dye based nucleic acid probes of the present invention are carded out using a 
Safiie monochromator reader (Tecan). 

[0116] To detemoine the sensitivity of the probe-based methodology in detecting 

pancreatic cancer cells, pancreatic cancer and normal cells are mixed with 1:1,000 (i.e., one 
cancer cell in 1,000 normal cells), 1:10,000, 1:100,000 and 1:1,000,000 ratios and incubate 
the mixture with flie dual-FRET molecular beacons designed for tfie specific cancer cell line 
under optimized conditions (probe concentration and duration). After placing cells on glass 
coverslips, FRET-induced fluorescmce images of the hybridized nucleic acid probes of die 
present invention in cancer cells are obtained using a confocal microscope. Further, a FACS 
Vantage SB cell sorter (Becton-Diddnson) is nsed to sort out the cancer cells in the mixture 
in suspension. The cell sort^, which has a sorting sensitivity of 1:100,000, has three 
excitation wavelengths: 488 nm, 547 nm, and UV. The fluorescence emission due to dual- 
FRET probes in cells can be detected by using the proper filter. The dual-FRET probe pairs 
for detecting survivin, K-ras mutations and chymotrypsinogen are so designed such that tiie 
donor dye molecules are respectively excited with laser at 353 nm, 488 imi and 547 nm. A 
fluorescence intensity threshold in the detection is chosen such that the effect of background 
due to auto-fluorescence of cells and digested nucleic add probes of the present invention is 
minimized. In this study, the pancreatic cell lines Panc-1, G^an-1, PSN-1 and Miapaca-2 are 
used as cancer cells, and a human dermal fibroblast cell line (EIDF) serves as normal cells. 
[0117] In obtaining images of hybridized molecular beacons in cancer cells, having 

ultra-sensitive fluorescence measurements is important, since typically only a very small 
niunber of cancer cells are preset in a sample. The FACS Vantage Flow Cytometer (cell 
sorter) will be used due to its very high detection sensitivity, capability of 5 color analjrsis 
and sorting, wide flexibility of excitation wavelengths, and cross beam laser compensation 
for separation of overlapping excitation. An unaging analysis will also be carried out to 
enhance the results of FRET fluorescence measurements. In this exan^le, in carrying out 
imaging assays of detection sensitivity, only nucleic add probes of the present invention with 
organic dye pairs for FRET will be used, since currently the Zeiss confocal microscq)e and 
the FACS cell sorter do not have an imagmg capability with time resolved FRET. 
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[0118] fl^example is based on the rational that^Pwtion of tumor maikas 

including survivin and mutant K-ras mRNAs in pancreatic duct cells using dual-FRET 
nucleic acid probes of the present invention can lead to early diagnosis of pancreatic canc^ 
especially in higb-risk patients. It demonstrates that the novel dual-FRET molecular beacons 
methodology of the present invention has the potential to become a simple clinical procedure ' 
for early detection of pancreatic cancer with high sensitivity, ^edfidty, signal-to-noise ratio, ' 
and eftidency. This is further demonstrated with subsequent translational research using 
clinical samples. The same melfaodology can be lountinely extraided to the early detection 
and diagnosis of other cancers, and tiie study of gene expression in live cells relevant to 
solving other biomedical probl^tis. 
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[0119] Throughout this application, various publications are referenced- The 

disclosures of all of these publications and those references cited within those publications in 
their entireties are hereby incorporated by reference into this application in order to more 
fully describe the state of the art to which this invention pertains. It will be apparent to those 
skilled in the art that various modifications and variations can be made in the present 
invention without departing fiom the scope or spirit of the invention. Other embodiments of 
the invention will be sppzrent to those skilled in the art fiom consideration of the 
specification and practice of the invention disclosed herein. It is intmded that the 
^ecification and Examples be considered as exemplary only. Those skilled in fiie art will 
recognize, or will be able to ascertain usmg no more than routine experimentation, many 
equivalents to the specific CTibodimmts of the invention described herein. Such equivalents 
are intended to be encompassed by the following claims. 
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CLAIMS 

WE CLAIM: 

1 . A composition for detection of a subject nucleic acid comprising, 

a. a first nucleic acid probe that hybridizes to a first nucleic acid target 
sequence on the subject nucleic acid, forms a stem-loop structure when not bound to the first 
nucleic add target sequence, and incorporates a resonance energy transfer donor moiety, and 

b. a second nucleic acid probe that hybridizes to a second nucleic acid 
target sequence on the subject nucleic acid, forms a stem-loop structure when not bound to 
the second nucleic acid target sequence, and incorporates a resonance energy trans£^ 
acceptor moiety, wh^em the first nucldc acid target sequence and the second nucleic acid 
target sequence are sq>arated by a number of nucleotides on the subject nucleic acid such that 
a resonance energy transfer signal firom interaction between the donor moiety of Oie first 
nucleic acid probe and the acceptor moiety of the second nucleic acid probe can be detected 
to determinB hybridization of both the first nucleic add probe and the second nucldc acid 
probe to the subject nucldc acid 

2. The conq)Osition of claim 1, wherem the first nucleic acid probe furtiier 
incorporates a quencher moiety, such tliat an interaction between the donor moiety of the first 
nucleic acid probe and the quencher moiety can be detected to differCTtiate between Ihe first 
nucleic acid probe in the stem-loop structure and non-stem-loop structure. 

3. The conq)osition of claim 1, wherein Ihe second nucleic add probe further 
incorporates a quench^ moiety, sudi that an interactioa between the acceptor moiety of the 
second nucldc add probe and ffae quencho: moiety can be detected to dififerCT^tiate between 
the second nucldc add probe in Ihe stem-loop structure and non-stem-loop structure. 

4. The composition of claim 1, wherem the first nucldc acid probe further 
incorporates a resonance energy transfer acceptor moiety, such that a resonance energy 
transfer signal fix)m interaction between the donor moiety and the accqptor moiety on the first 
nucldc acid probe can be detected to differentiate between the first nucldc acid probe in the 
stem-loop structure and non-stem-loop structure. 
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5. The composition of claim 1, wherein the second nucleic acid probe further 
incorporates a resonance energy transfer donor moiety, siich that a resonance energy transfer 
signal from interaction between the donor moiety and the acceptor moiety on the second 
nucleic acid probe can be detected to differentiate between the second nucleic acid probe in 
the stem-loop structure and non-stem-loop structure* 

6. The composition of claim 1, wherein the resonance energy transfer signal is 
due to fluorescence resonance energy transfer. 

7. The conq)osition of claim 1, wherein the resonance energy transfer signal is 
due to fluorescence resonance energy transfer and the donor moiety is 6-Fam fluorophore. 

8. The composition of claim 1, wherein the resonance energy transfer signal is 
due to fluorescence resonance energy transfer and the acc^tor moiety is Cy-3» ROX or 
Texas Red. 



9. The composition of claim 1, wh^ein the resonance energy transfer signal is 
due to luminescence resonance energy transfer. 

10. The composition of claim 1, wherein the resonance energy transfer signal is 
due to Ixuninescence resonance energy transfer and the donor moiety is a lanthanide chelator 
molecule. 

11. The composition of claim 1, wherein the resonance energy transfer signal is 
due to luminescence resonance energy transfer and the donor inoiety is Europium or 
Terbium. 

12. The composition of claim 1, wherein th6 resonance energy transfer signal is 
due to luminescence resonance energy transfer and the donor moiety is a lanthanide chelator 
molecule selected from DTPA-cytosine, DTPA-csl24, BCPDA, BHHCT, Isocyanato-EDTA, 
Quantum Dye, or W1024. 

13. The composition of claim 1, whmin the donor moiety is a lantibanide chelate 
and the acceptor moiety is an organic dye, CyS, CyS, ROX or Texas Red, or a 
phycobiliprotem. 
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14. The compossition of claim 1» wh^ein the acceptor moiety is a phycobilipiotein 
selected from Red Phycoerythrin ^E), Bkie Phycoerythiin (BPE), or Allophycocyanm 
(APC). 

i 

15. The composition of claim 1^ wherein the first or second nucleic acid.probes 
comprises S to 50 nucleotides^ 

16. The composition of claim 1, herein the first or second nucleic acid probes 
comprises 10 to 40 nucleotides. 

17. The composition of claim 1, wherein the first or second nucleic add probes 
comprises 15 to 30 nucleotides. 

18. The composition of claim 1, wherein the first or second nucleic acid probes 
comprises 20 to 25 nucleotides. 

19. The composition of claim 1, wherein the first or second nucleic acid probes 
comprises a 2'-0-methyl nucleotide backbone. 

20. The composition of . claim 1, wherein one mi of the first or second nucleic 
acid probes participates in both stm-loop formation and hybridization to the nucleic add 
target sequence. 

21. The composition of claim 1, wherein the first nucleic acid target sequence and 
the second nucldc add target sequmce are separated by 1 to 20 nudeotides. 

22. The composition of claim 1, iT^erein the first nucldc acid target sequence and 
the second nucldc add target sequence are separated by 2 to 10 nucleotides. 

23. The composition of claim 1, wherein the first nucldc acid target sequence and 
the second nucldc acid target sequence are separated by 3 to 7 nucleotides. 
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24. A composition for detection of a subject nucleic acid comprising, 

a. a first nucleic acid probe that hybridizes to a first nucleic acid target 
i sequence on the subject nucleic acid, and incorporates a luminescence resonance energy 

transfer lanthanide chelate donor moiety; and 

b. a second nucleic acid probe that hybridizes to a second nucleic acid 
target sequence on the subject nucleic acid, and incorporates an organic resonance energy 
transfer acceptor moiety, wherein the first nucleic acid target sequence and the second 
nucleic acid target seqpience are separated by a number of nucleotides on the subject nucleic 
acid such that a luminescence resonance energy transfer signal fix)m interaction between the 
lanthanide chelate donor moiety of the first nucldc acid probe and the acceptor moiety of the 
second nucleic acid probe can be detected to detemiine hybridization of both the first nucleic 
acid probe and tlie second nucleic acid probe to the subject nucleic acid. 

25. The composition of claim 24, wherein the first nucleic add probe or second 
nucleic acid probe is linear or randomly coiled when not hybridized to the first or second 
nucleic acid target sequences, respectively. 

26. The compositiQn of claim 24, wherein the first- nucleic acid probe or second 
nucleic acid probe forms a stem-loop structure when not hybridized to the first or second 
nucleic acid target sequences, respectively. 

27. The composition of claim 26, wherein the first nucleic acid probe further 
incorporates a quencher moiety, such that an interaction between the donot moiety of the first 
nucleic acid probe and the quencher moiety can be detected to diffCTcntiate between the first 
nucleic add probe in the stem-loop structure and non-stem-loop structure. 

28. The composition of claim 26, wherein the second nucleic acid probe further 
incorporates a quencher moiety, such that an interaction between the acceptor moiety of the 
second nucleic acid probe and the quencher moiety can be detected to differentiate between 
the second nucleic add probe in the stem-loop structure and non-stem-loop structure. 

29. The composition of claim 24, wherein the lanthanide donor moiety is 
Buropium or Terbium. 
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30. flRomposition of claim 24, wherein the doi^^iioiety is selected from a 
lanthanide chelate DTPA-cytosme, DTPA-csl24, BCPDA, BHHCT, Isocyanato-EDTA, 
Qaaatum Dye, or W1024. 

31. The composition of claim 24, \i^erdn fhe donor moiety is a lanflianide chelate 
and fhe acceptor moiety is an organic dye or a phycobiliprotdn* 

32. The composition of claim 24, wherein the acceptor moiety is a 
phycobiliprotein selected from Red Phycoerythrin (RPE), Blue Phycoerythiin ^PB), or 
Allophycocyanin (APC). 

33. The composition of claim 24, wherein the second nucleic add probe 
comprises a plurality of acceptor moieties. 

34. The composition of claim 24, wherein the first or second nucleic add probes 
comprises 5 to 50 nucleotides. 

35. The composition of claim 24, wherein the first or second nucleic add probes 
comprises 10 to 40 nucleotides. 

36. The composition of claim 24, wherein the first or second nucleic add probes 
conq)rises 15 to 30 nucleotides. 

37. The composition of claim 24, wherein the first or second nucldc acid probes 
courses 20 to 25 nucleotides. 

38. The composition of claim 24, wherein Ifae nucldc acid probes comprises a 2'- 
0-methyl nucleotide badd>one. 

39. The conqposition of claim 24, wherein one end of dther the first or Ifae second 
nucleic add probes partic^ates in both stan-loop formation and hybridization to the target 
sequence nucldc add. 

40. The compodtion of claim 24, whetdn the first nucldc add target sequence 
and the second nucldc add target sequence are separated by 1 to 20 nucleotides. 
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41. The composition of claim 24, wherein the first nucleic acid target sequence 

and the second nucleic acid target sequence are separated by 2 to 10 nucleotides. 



42. The composition of claim 24, wherein the first nucleic acid target sequence 
and the second nucleic acid target sequence are separated by 3 to 7 nucleotides. 

43. A method of detecting a subject nucleic acid, comprising combining the 
conqiosition of claim 1 or claim 24 with a sample suspected of containing the subject nucleic 
acid, and detecting hybridization by resonance energy transfer signals to determine the 
presence or absence of the subject nucleic acid in the sample. 

44. The method of claim 43, wherein the method is performed in vivo, 

45. The method ofclaim 44, wherein the sample contains a living cell. 

46. The meOiod of claim 43, wherein the subject nucleic acid comprises a genetic 
point mutation, deletion or insertion relative to a control nucleic add. 

47. The method of claim 43, wherein the detection of the subject nucleic acid 
indicates the presence of a cancer in the sanq>le. 

48. The method of claim 43, wherein the subject nucleic acid comprises K-ra^, 
survivin,p5J,j9i(J, DPC4, or BRCA2. 

49. • The method of claim 43, wherein the detection of the subject nucleic acid 
mdicates an alteration of the e)q)ression pattern of the subject nucleic acid in response to an 
external stimulus. 

50. The method of claim 43, wherein the detection is performed with single- or 
multiple-photon microscopy, time-resolved fluorescence microscopy or fluorescence 
endoscopy. 
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SEQUENCE LISTING 



<110> GEORGIA TECH RESEARpi CORP. 

<120> DUAL RESONANCE ENERGY TRANSFER NUCLEIC ACID PROBES 

<130> .17625-0036 

<140> PCT/US02/20094 
<141> 2002-06-25 

<150> 60/300,672 
<I51> 2001-06-25 

<150> 60/303,258 
<151> 2001-07-03 

<160> 37 

<170> Patentin .Ver. 2.1 

<210> 1 
<211> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 



<210> 2 
<211> 18 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 
<400> 2 

tgatggcatg gactgtgg 18 



<210> 3 
<211> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<;223> Description of Artificial Sequence: Probe 



<400> 1 

ccacatgatg gcatggactg tgg 



23 



<400> 3 

gagtccttcc acgataccga etc 



23 
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219 



<210> 4 
<211> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description o£ Artificial Sequence: Probe 
<400> 4 

gagtccttcc acgataccga etc 23 



<210> 5 
<211> 23 
<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Description of Artificial Sequence: Probe 
<400> 5 

gagtccttcc acgataccga etc 



<210> 6 
<211> 49 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 



<210> 7 
<211> 50 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 

<400> 7 

actttggtat cgtggaagga ctcatgacca cagtccatgc catcactgcc 50 



<210> 8^ 
<211> 51 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 



<400> 6 

actttggtat cgtggaagga ctcataccac agtccatgcc atcactgco 



49 



I 
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<400> 8 

actttggtat cgtggaagga ctcattgacc acagtccatg ccatcactgc c 



51 



<210> 9 

<211> 52 

.<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 

<400> 9 

actttggtat cgtggaagga ctcatttgac cacagtccat gccatcactg cc 52 



<210> 10 
<211> 60 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 

<400> 10 

tgacaacttt ggtatcgtgg aaggactcat gaccacagtc catgccatca ctgccaccca 60 



<210> 11 
<211> 24 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
oligonucleotide 



<210> 12 
<211> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
oligonucleotide 

<400> 12 

ccacatgatg gcatggactg tgg 23 



<400> 11 

gagtccttcc acgataccag acto 



24 
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<210> 13 
<211> 22 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 
<400> 13 

gagtccttcc acgataccac tc 



<210> 14 

<211> 24 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 
<400> 14 

gagtccttcc acgataccag actc 



<210> 15 
<211> 25 
<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Description of Artificial Sequence: Probe 
<400> 15 

gagtccttcc acgataccag gactc 



<210> 16 
<211> 27 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 
<400> 16 

cctcgagtcc ttccacgata ccagagg 



<210> 17 
<211> 29 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 
<400> 17 

ctgacgagtc cttccacgat accagtcag 
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<210> 18 



<211> 30 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 

<400> 18 

ctgagcgagc ccttccacga taccagctca 30 



<210> 19 
<211> 27 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 



<210> 20 

<211> 27 • 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 

<400> 20 

actttggtat cgtggaagga atcatga 27 



<210> 21 
<211> 27 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 



<400> 19 

actttggtat cgtggaagga ctcatga 



27 



<400> 21 

actttggtat cgtagaagga ctcatga 



27 



<210> 22 
<211> 27 
<212> DNA 



<213> Artificial Sequence 
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<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 

<400> 22 ' 
actttggtat cgtagaagga atcatga 



<210> 23 
<211> 27 
<212> DMA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 

<400> 23 

actttggtat cgtaaaagga ctcatga 



<210> 24 
<211> 25 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
oligonucleotide 

<400> 24 

gagtccttcc acgtaaccag gactc 



<210> 25 
<211> 27 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
target oligonucleotide 

<400> 25 

actttggtat cgtggaagga ctcatga 



<210> 26 
<211> 22 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
ol igonucleot ide 

<400> 26 

gagtccttcc acgataccac tc 
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<210> 27 

<211> 78 

<2I2> DNA 

<213> Homo sapiens 

<400> 27 

atgaictgaat ataaacttgt ggtagttgga gctggtggcg taggcaagag tgccttgacg 60 
atacagctaa ttcagaat 7q 

<210> 3e 
<21I> 24 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
oligonucleotide 

<400> 28 

agtgcgctgt atcgtcaagg cact 24 

<210> 29 • 
<211> 22 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
oligonucleotide 

<400> 29 

cctacgccat cagctccgta gg 22 

<210> 30 
<211> 22 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
oligonucleotide 

<400> 30 

cctacgccaa cagctccgta gg 22 
<2ia> 31 

<211> 22 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
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ol igonucleot ide 



<400> 3X 

cctacgccac gagctccgta gg 



22 



<210> 32 
<211> 22 
<212> DKA 

<213> Artificial Sequence 

<220> 

<223> Description o£ Artificial Sequence: Synthetic 
oligonucleotide 

<400> 32 

cctacgccac aagctccgta gg 22 



<210> 33 

<211> 121 

<212> DNA 

<213> Homo sapiens 

<400> 33 

atgggtgccc cgacgttgcc ccctgcctgg cagccctttc tcaaggacca ccgcatctct CO 

acattcaaga actggccctt cttggagggc tgcgcctgca ccccggagcg gatggccgag 120 

g 121 



<210> 34 
<211> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
ol igonucleot ide 



<210> 35 
<2ia> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
ol igonucleot ide 

<400> 35 

ccgcattgaa tgtagagatg egg 23 



<400> 34 

ccttgagaaa gggctgccca agg 



23 



<210> 36 
<211> 24 
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<212> DNA 

<213> Artificial Sequence 

<220> 

<223> Description of Artificial Sequence: Probe 
<400> 36 

acctggatgt tgtcctcgtc aggt 



<210> 37 
<211> 24 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Probe 

<400> 37 

aagattgaag accttggcga tctt 
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